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Abstract

Military communications networks typically employ a gateway multiplexer to

aggregate all communications traffic onto a single link. These multiplexers typically

use a static bandwidth allocation method via time-division multiplexing (TDM).

Inefficiencies occur when a high-bandwidth circuit, e.g., a video teleconferencing

circuit, is relatively inactive rendering a considerable portion of the aggregate band-

width wasted while inactive. Dynamic bandwidth allocation (DBA) reclaims unused

bandwidth from circuits with low utilization and reallocates it to circuits with higher

utilization without adversely affecting queuing delay. The proposed DBA algorithm

developed here measures instantaneous utilization by counting frames arriving dur-

ing the transmission time of a single frame on the aggregate link. The maximum

calculated utilization observed over a monitoring period is then used to calculate the

bandwidth available for reallocation.

A key advantage of the proposed approach is that it can be applied now and

to existing systems supporting heterogeneous permanent virtual circuits. With the

inclusion of DBA, military communications networks can bring information to the

warfighter more efficiently and in a shorter time even for small bandwidths allocated

to deployed sites. The algorithm is general enough to be applied to multiple TDM

platforms and robust enough to function at any line speed, making it a viable op-

tion for high-speed multiplexers. The proposed DBA algorithm provides a powerful

performance boost by optimizing available resources of the communications network.

Utilization results indicate the proposed DBA algorithm significantly out-

performs the static allocation model in all cases. The best configuration uses a 65536

bps allocation granularity and a 10 second monitoring period. Utilization gains ob-

served with this configuration were almost 17% over the static allocation method.

Queuing delays increased by 50% but remained acceptable, even for real-time traffic.
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PERFORMANCE ANALYSIS OF A DYNAMIC

BANDWIDTH ALLOCATION ALGORITHM

IN A CIRCUIT-SWITCHED

COMMUNICATIONS

NETWORK

I. Introduction

1.1 Motivation

The military’s deployed communications network performance has long been

hampered by the relatively low bandwidths allocated on the Defense Satellite Com-

munications System (DSCS) constellation. Typical aggregate communications links

over DSCS satellites range from 512 kbps to 1024 kbps. In contrast, typical Eth-

ernet network data rates range from 10 Mbps to 100 Mbps, or even higher. With

an increased reliance on communications systems to provide real-time data to the

warfighter [DAF97, DAF98, DoD95, DoD00], it is imperative to increase performance

wherever and however possible.

In traditional circuit-switched networks, bandwidth is generally allocated stat-

ically. This is especially true in military tactical networks, thus aggravating the

problem of providing real-time information to the warfighter. In practice, this allo-

cation scheme has a negative effect on network efficiency since some circuits may be

rarely used. For instance, if a commander requests a video teleconferencing (VTC)

circuit — a high-bandwidth circuit — it may only be used twice a day. If used for a

one-half hour each time, there remains 23 hours each day that the dedicated circuit

bandwidth is wasted.
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Any increase in overall network utilization, however, must not be achieved at

the expense of Quality of Service (QoS). In the static bandwidth allocation (SBA)

scenario described above, QoS is not a problem since each circuit has dedicated

bandwidth. Therefore, circuits needing guaranteed bandwidth, such as voice or

video circuits, always have bandwidth when they need it [WaM99]. The question

becomes: is it possible to increase overall network utilization while preserving QoS

guarantees?

Asynchronous Transfer Mode (ATM) is a networking technology that was de-

veloped on the premise of optimizing performance for different classes of traffic based

on QoS guarantees. For example, a voice circuit can tolerate some loss but not de-

lay; conversely, a data circuit can tolerate delay but not loss. By identifying these

different classes of traffic, ATM switches (or multiplexers) can provide the service

that the class requires.

Recent advances in ATM technology have taken QoS guarantees one step

further, supporting dynamic bandwidth allocation (DBA) [Sai97, Shi98, SCY98,

WaM99]. DBA allows circuits access to unused bandwidth, thereby using bandwidth

more efficiently. Hoe states, “The objective of ATM switching is to statistically mul-

tiplex traffic from different users (assign bandwidth on demand), to utilize bandwidth

efficiently, and to satisfy the QoS requirements of delay and loss for different traffic

types” [Hoe94]. Given the scenario outlined above, the VTC circuit would consume

the maximum bandwidth it requests when in use; when not in use, the bandwidth

could be allocated to other circuits based on demand.

Unfortunately, the Air Force’s communications networks are not built using

this principle. Currently, both fixed and deployed bases use NET’s Promina sys-

tem, which uses the Integrated Digital Network Exchange (IDNX), a Time-Division

Multiplexer, to perform this gateway multiplexing function [DIS99]. We will use the

terms Promina and IDNX interchangeably.
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1.2 Problem Definition

1.2.1 Hypothesis and Goals. This study shows that a proposed DBA al-

gorithm employed by platforms like ATM can be migrated to a time-division mul-

tiplexer (TDM) platform as a relatively low-impact addition. By using a DBA

algorithm for individual circuits, utilization on the aggregate link of the Air Force’s

deployed networks can be drastically improved. However, increasing utilization is

not the only consideration. For example, even if a particular implementation could

consistently maintain utilization near 100%, it would be unacceptable if the band-

width reallocation time were significantly higher than without dynamic allocation,

resulting in a significant increase in queuing delay [SCY98]. The central hypothesis

of the study, then, is that DBA on a TDM platform can achieve higher utilization on

its aggregate link than static allocation without adversely affecting queuing delay.

The goals of the study are the following:

• Determine whether dynamic bandwidth allocation algorithms can increase

utilization on the aggregate link of a circuit-switched network,

• Determine whether increased utilization can be achieved without increasing

queuing delay beyond acceptable limits,

• Determine whether the type of traffic influences the allocation algorithm per-

formance.

1.2.2 Approach. A newly proposed DBA algorithm is developed for a time-

division multiplexer based upon previously developed DBA algorithms for ATM.

Several workloads are submitted to a network using the DBA algorithm as well as

using static allocation. Using the static allocation as a baseline, the results are

compared using aggregate utilization and queuing delay metrics.
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1.3 Document Overview

This chapter presents the problem and the motivation for the research. Chapter

2 reviews previous research in the areas of ATM and DBA that serves as a point

of departure for this study. Chapter 3 covers the methodology and experimental

design used to validate the hypothesis. Chapter 4 describes the algorithm developed

and analyzes the results obtained from the experiments. Chapter 5 summarizes the

research results and provides conclusions and recommendations for future research.
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II. Literature Review

This chapter begins with an overview of circuit-switching concepts. It then covers

high-speed networking using Asynchronous Transfer Mode (ATM). Next, four theo-

retical models for dynamic bandwidth allocation in an ATM network will be covered

along with their potential for portability to the Integrated Digital Network Exchange

(IDNX). Finally, an overview of the IDNX is given.

2.1 Circuit-Switched Networks

There are two types of switching in communications networks — circuit switch-

ing and packet switching. Packet switching makes a routing decision at every node

(or hop) between the sender and receiver. Consequently, the actual path that each

packet takes may be different. Furthermore, bandwidth tends to be allocated on

a first-come, first-served basis. By contrast, circuit switching establishes a specific

route, or circuit, from sender to receiver at the time the message is transmitted.

Bandwidth is usually allocated in “chunks” based on the circuit’s bandwidth re-

quest. A connection admission control scheme is employed to determine whether the

call can be admitted at the requested bandwidth. This can be done using relatively

simple computations. The connection admission control algorithm first computes

the bandwidth in use by computing the sum of the bandwidths of the individual

circuits already allocated. It then computes the residual bandwidth by subtracting

the bandwidth in use from the channel capacity. If the bandwidth requested is less

than the residual bandwidth, the circuit is admitted. If not, it is rejected. There

are also other schemes used in admission control including statistical multiplexing

[Hoe94] and priority allocation [SWS98]. Circuit switching can be further broken

down into conventional circuit switching and virtual circuit switching.

2.1.1 Conventional Circuit Switching. Conventional circuit switching is

the type of switching used in traditional telecommunications networks. Under this
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model, a user sends a request for a connection of a specified bandwidth to the connec-

tion admission control. If this bandwidth request is less than the residual bandwidth,

then the connection is admitted and a physical circuit is established, setting aside a

fixed bandwidth for the connection. That circuit and associated bandwidth is then

dedicated to the sender and receiver for the duration of the connection; no sharing of

that bandwidth is done. This means that any idle time during the connection results

in wasted bandwidth. Conventional circuit switching also has no concept of framing

[Bla95] – the message is treated as one continuous data stream. When the channel

is idle, no data is sent, except for perhaps a synchronization signal. Consequently,

because data messages need to be delimited in order to be understood, this type of

circuit switching is not a viable option for an all-purpose network supporting voice,

video, and data.

2.1.2 Virtual Circuit Switching. Virtual circuit switching is a hybrid of con-

ventional circuit switching and packet switching. Like conventional circuit switching,

a specific path is established at the time of connection setup and remains for the

duration of the connection. However, like packet switching, virtual circuit switching

breaks the message up into packets for transmission and packets are transmitted at

channel capacity [Tan96]. Framing allows data messages to be delimited, thus mak-

ing it a viable implementation for supporting voice, video, and data concurrently.

Connection setup is done in much the same way as conventional circuit switching.

A user sends a request to admission control, a path is established between source

and destination, and the connection is admitted. However, instead of a physical

connection between a sender and receiver, a path through specific nodes is deter-

mined, constituting the virtual circuit. Whenever a packet arrives at a node, then,

the node knows where to route the next packet based on a virtual circuit identifier.

However, the virtual circuit is not guaranteed a specific bandwidth. In order to deal

with this problem, many networking technologies such as ATM have implemented
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quality of service guarantees. These guarantees work in much the same manner as

in conventional circuit switching. This is discussed in greater detail below.

2.2 Virtual Circuit Switching Using ATM

Asynchronous Transfer Mode is a high-speed virtual circuit-switching tech-

nology that was developed to support a heterogeneous mix of traffic classes, while

providing an appropriate or a requested quality of service guarantee [Bla95]. The

following paragraphs describe the basic frame format ATM uses, the basic classes of

traffic that ATM supports, and how ATM guarantees quality of service.

2.2.1 Frame Format. ATM frames are called cells. Each cell is 53 bytes,

consisting of 48 bytes of payload and a 5-byte header. The cell provides little in the

way of services, including error checking on the header only, and no retransmission

services. Three bytes of the 5-byte header contain the virtual circuit identifier for

the user-to-network interface (3.5 bytes for the network-to-network interface). This

is further broken down into a virtual channel identifier and a virtual path identifier.

The virtual channel identifier identifies the specific circuit traversing the node. The

virtual path identifier identifies a group of virtual channels that can be switched as

a single unit. Together these two identifiers mark the route the cell travels through

the network. The header also contains a Cell Loss Priority bit. If this bit is set, it

indicates that the network can discard this cell if necessary, such as during heavy

congestion [Tan96].

2.2.2 Traffic Classes. ATM divides user traffic into three major classes

depending upon arrival rate — constant bit rate (CBR), variable bit rate (VBR),

and available bit rate (ABR) to support different user applications [Bla95]. CBR

consists of connection-oriented data streams in which cells arrive at a fixed rate

and require timing synchronization between sender and receiver. An example of a

CBR circuit would be a dedicated video teleconferencing circuit where new video
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frames are being transmitted continuously. VBR consists of connection-oriented

data streams in which cells do not arrive at a fixed rate, but a peak cell rate must

be guaranteed, and also require timing synchronization between sender and receiver.

An example of a VBR circuit would be a telephone circuit. Clearly, cells would not

be arriving at a continuous rate because idle periods in the conversation would not

generate a cell transmission. However, a minimum peak data rate (based on the

CODEC being used) must be maintained if a full-duplex call is to be established

and telephony standards are to be upheld. ABR is like VBR except that there is

no guaranteed peak cell rate. An example of an ABR circuit would be a typical IP

data network.

2.2.3 Quality of Service Guarantees. Since two of the three major classes

of ATM require a quality of service guarantee, it is important to understand how the

guarantee is implemented. When a user wishes to establish a connection, he sends a

message to admission control with a request for a certain level of service. This level

of service comes in the form of a bandwidth request based on the type of circuit.

The amount of bandwidth requested is usually based on the required peak cell rate

of the circuit [WaM99, SCY98]. Thus, bandwidth has traditionally been allocated

statically at the peak cell rate to guarantee the desired quality of service.

2.3 Dynamic Bandwidth Allocation in ATM

It is clear that any type of traffic with other than a constant cell rate will result

in some amount of wasted bandwidth. In fact, “with bursty traffic, the average rate

of the cell stream over a virtual circuit is low compared to the peak rate” [SCY98].

With the widespread proliferation of ATM as a wide-area network backbone, many

approaches have been used to harness this wasted bandwidth. We discuss four

strategies, two of which could be ported to a time-division multiplexing (TDM)

platform such as the IDNX.
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2.3.1 Intelligent Multiplexing. One method for improving bandwidth effi-

ciency was proposed by Benjamin Hoe [Hoe94]. His method calls for an intelligent

multiplexer to multiplex data and voice traffic together more efficiently.

2.3.1.1 Algorithm Overview. Since voice circuits cannot tolerate

delay, but data circuits can, the multiplexer forwards voice cells immediately. Data

cells are stored in a buffer upon arrival. Whenever the multiplexer detects an idle bit

pattern (i.e., one with only idle fill), the multiplexer drops the idle cell and inserts

a data cell. Once another voice cell arrives, data cells will be blocked again until an

idle cell is detected. An example of this operation is shown in Figure 2.1 below. In

the figure, voice cells are depicted as clear, data cells as shaded.

Figure 2.1. Intelligent Multiplexing Example

At T1, all circuits (C1 - C4) have voice cells to be forwarded. At T2, suppose

C2 sends an idle cell. That cell is discarded and replaced by a data cell as shown.

At T4, suppose all circuits send idle cells; four data cells are inserted in their place.

2.3.1.2 Advantages and Disadvantages. Because voice traffic tends to

be quite bursty, data traffic would have ample opportunity for transmission during

idle periods on the voice circuit. Therefore, it is conceivable that the bandwidth
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allocated to the data circuit could be eliminated with little effect on network perfor-

mance. Furthermore, this algorithm is quite simple to implement.

It has, however, several significant drawbacks. First, it is overly simplistic.

The algorithm assumes that there is only one data circuit. In practice, today’s

tactical networks usually have at least two — Non-secure Internet Protocol Routed

Network (NIPRNET) and Secure Internet Protocol Routed Network (SIPRNET).

It also assumes that the only two types of traffic on a communications network are

voice and data. This assumption ignores the possibility of a CBR video circuit, such

as a dedicated VTC link.

Second, in this scheme, voice circuits always have priority over the data cir-

cuit. Because voice circuits cannot tolerate delay, voice cells are transmitted first.

Therefore, during heavy call volumes it is possible that data traffic would experi-

ence a significant delay. Furthermore, today’s communications networks need the

ability to prioritize circuits dynamically, for example, when critical intelligence or

weather data is needed. In this situation, voice communication would not be the

communications method of choice.

Finally, it would be difficult to port this algorithm to another platform. In

this algorithm, each receiving node along the path must determine whether the in-

formation is a voice or data cell. Suppose that a multiplexer’s frame format does

not distinguish between information types. Each frame would be tied to a specific

circuit but not necessarily a circuit of a specific information type. Thus the multi-

plexer is unable to determine at the receiving end which frames contain voice and

which contain data.

2.3.2 Adaptive Bandwidth Demand Estimation. Shioda’s adaptive band-

width demand estimation algorithm is similar to that of Shiomoto, et al. discussed

later. This algorithm monitors the active circuits for a set period and adapts the

amount of available or residual bandwidth based on the blocking probabilities of the
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individual circuits [Shi98]. Blocking probability can be used as an effective metric

because the blocking probability will increase as available bandwidth is depleted,

thus indicating a greater bandwidth demand.

2.3.2.1 Algorithm Overview. Consider L active and potential circuits

to be multiplexed on a virtual path. The aggregate offered load, a, and aggregate

connection blocking probability, b, are defined as

a =
L
∑

l=1

alml (2.1)

and

b =

L
∑

l=1
almlbl

a
(2.2)

where al is the offered load and bl is the connection blocking probability of the lth

circuit. The effective bandwidth, ml, is a weighting factor based on some constraint

such as a QoS requirement [DKW95, Shi98]. This factor remains constant for a

particular circuit for as long as the constraint holds.

Circuit admissions are decided differently depending on whether the new circuit

is a CBR or VBR circuit. If the circuit to be added is a CBR circuit, then the

admission decision is simple: compare the peak cell rate of the new circuit to the

residual bandwidth. If the peak cell rate of the new circuit is less than the residual,

then the circuit is admitted; otherwise it is rejected. If the circuit is a VBR circuit,

though, calculation of the cell loss rate is needed for comparison against an objective

cell loss rate, εobj. This calculation is given by
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(2.3)

where n is the number of connections multiplexed in the virtual path, K is the buffer

size in cells, M is the peak rate in cells per second, A is the average rate in cells per

second, and C is the number of cells that can be transmitted over the virtual path

in one second. If ε̂ is lower than εobj, then the VBR circuit is admitted. Otherwise

it is rejected.

At the end of each measurement period, the connection blocking probability,

b, is measured. Each VP bandwidth is then adjusted based on the following formula:

∆αt+1 =











rαt, b > bobj

−rαt, b ≤ bobj

(2.4)

where

r = max

(

0.1,
b− bobj

1− b

)

, (2.5)

bobj is the maximum desired blocking probability, and αt is the VP bandwidth de-

mand for the last measurement period. This process repeats at the end of every

measurement period.

2.3.2.2 Advantages and Disadvantages. This algorithm is very robust

because it makes very few assumptions about the underlying traffic. Thus, it can

support almost any type of connection [Shi98]. Second, the bandwidth demand
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estimate is adaptive, meaning that long-term traffic patterns are factored in making

the model more reliable.

It has three disadvantages, one of which is very significant. First, the model

requires that all circuits have some sort of quality of service guarantee either CBR or

VBR. This is not an insurmountable problem, however, because even data networks

can be modeled as a VBR circuit by assigning a minimum acceptable bandwidth

to the data circuit. This minimum bandwidth effectively translates to a quality

of service guarantee. The second disadvantage is that the calculations needed for

this algorithm are complex. Therefore, an implementation would likely require some

special purpose or dedicated hardware. Finally, many of the values used as input to

these calculations either require further calculation or information that might not

be available in a non-ATM environment. Consequently, it would be difficult to port

this algorithm to a TDM platform.

2.3.3 Instantaneous Virtual Path Utilization Measurement. Shiomoto,

Chaki, and Yamanaka propose to allocate bandwidth dynamically using a measure-

ment of instantaneous virtual path utilization [SCY98].

2.3.3.1 Algorithm Overview. The instantaneous virtual path utiliza-

tion is defined as

ρ(t) =
L
∑

l=1

Rl(t)

C
(2.6)

where Rl(t) is the peak rate of the lth circuit at time t, and C is the channel capac-

ity. In order to compute this instantaneous utilization, the number of cells arriving

during one cell transmission period, ∆, are counted. This number is sent through an

exponential averager to determine the instantaneous virtual path utilization. Thus,

the instantaneous utilization can be rewritten as
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ρ(t) = αn(t) + (1− α)ρ(t−∆), 0 ≤ α ≤ 1 (2.7)

where n(t) is the number of cells that arrived in the last ∆ seconds, ρ(t-∆) is the

last computed utilization, and α is a weighting factor. This value will be discussed

in more detail in the next section.

The utilization is tracked for a monitoring period, Tm. The maximum utiliza-

tion value observed during Tm, ρmax, serves as the basis for the admission criteria.

The admission criteria is then given as

R

C
< 1− ρmax (2.8)

where R is the peak rate of a new circuit requesting bandwidth. If the new circuit

is accepted, the computed virtual path utilization is updated as follows:

ρnew = ρmax +
R

C
(2.9)

If the request is rejected, then ρmax remains the basis for admission of new circuits.

2.3.3.2 Weighting Factor α. The value of α determines whether the

current measurement or past measurements is more significant. As α approaches

1, current measurements become more significant. Conversely, as α approaches 0,

the amalgamation of past measurements becomes more significant. Because of the

bursty nature of most circuits, it would typically be better to make α closer to 0.

For example, simulation results from Shiomoto, et al. indicate that an α of 4.156E-3

will produce a very accurate representation of the system’s instantaneous utilization

for a virtual circuit with a peak rate of 10 Mbps [SCY98]. In general, α can be

determined by
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α =
−2(1−K) +

√

4(1−K)2 + 8 (ε−1 − 1) (1−K)

2 (ε−1 − 1)
(2.10)

where ε is the cell loss rate, K = cos(2πf0∆), f0 is the circuit’s peak cell rate, and

∆ is the time necessary to transmit a single cell on the aggregate link.

2.3.3.3 Monitoring Period Tm. The monitoring period should be suf-

ficiently long to keep the cell loss rate below its target value. According to [SCY98],

this value will be on the order of 100 seconds. If necessary, this period can be reduced

but will result in sacrificing approximately 20% of the assignable channel capacity.

For a more detailed explanation of Tm selection, refer to [SCY98].

2.3.3.4 Advantages and Disadvantages. This algorithm has several

strengths. First, the algorithm is very simple. Once the maximum virtual path

utilization is obtained for the monitoring period, the admission control need only

compare the requested peak rate of the new circuit to the residual bandwidth. If

this value is less, then the circuit is accepted; otherwise it is rejected. Second, because

the algorithm relies on a simple cell count to calculate the instantaneous utilization,

it can be completely implemented in software. Therefore, it is possible to port this

algorithm to multiple platforms including TDM. In fact, implementation costs would

be low if the multiplexer already has the capability to count incoming frames and

to perform floating point operations. Further, because the algorithm is simple, the

admission decision is fast, thus minimizing cell delay due to an admission decision.

A couple of disadvantages exist, however. First, the main reason that the al-

gorithm is so easy to implement in hardware is that it assumes homogeneous circuits

with homogeneous peak cell rates. This assumption obviously does not hold in prac-

tice. Therefore, either α would need to be dynamically adjustable, or multiple filters

would be required — one for each circuit. While this problem is not insurmountable,

it will raise the implementation cost. Second, the algorithm assumes that circuits
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are dynamically connected and disconnected, thus creating a dynamic amount of

available bandwidth. However, in a military communications network, many cir-

cuits, such as data circuits, are persistent. Therefore, it would be advantageous to

adjust previously allocated bandwidth dynamically. This problem is also fairly easy

to overcome. As long as the circuit’s current peak rate is known, only one additional

computation would be required. In order to determine admission suitability, the old

bandwidth would have to be subtracted off from ρmax before the new peak rate could

be compared to the residual bandwidth.

2.3.4 VP Bandwidth Control. Saito presents an algorithm [Sai97] very

similar to that developed by [SCY98]. However, Saito’s is much simpler and can be

completely implemented in software.

2.3.4.1 Algorithm Overview. The virtual path bandwidth in use is

approximated by counting the number of cells arriving during a measurement period.

Let the channel capacity be divided into n levels. A particular bandwidth falls into

a level i such that xi−1 ≤ x (t) < xi, where xi−1 and xi are defined constants. Let

x (t) be the measured bandwidth in use at time t, such that x (t) is in level i. The

measured bandwidth in use is derived using Equation 2.11, where

x(t) =
424n(t)

Tm

(2.11)

where n(t) is the number of cells counted during the measurement period, Tm. The

scalar, 424, represents the number of bits in one ATM cell.

Further, let

y(t|i) = x(t)− x(t− 1) (2.12)
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Thus y(t|i) is the difference in the current and previous bandwidth in use for level i.

Define

yi = max (y(t|i)) (2.13)

as the maximum difference observed during the previous measurement periods. The

virtual path bandwidth in use during the next update interval is then given by

x mod (t) = x(t) + yi (2.14)

and is an estimate of the bandwidth needed during the next update interval. This

estimate is sufficient provided that the value of yi is no greater than the value of yi

during the last update interval.

2.3.4.2 Advantages and Disadvantages. This algorithm’s primary

strength is its simplicity. It relies on a mere count of the arriving cells during

a measurement period. This algorithm could also be completely implemented in

software. In fact, implementation costs would be low assuming that the multiplexer

already has the capability to count incoming frames. Consequently, it could be easily

ported to a non-ATM platform such as the IDNX with little other than a software

upgrade.

The algorithm’s primary strength is also its primary weakness, however. Be-

cause it is possible for the amount of variation in the next measurement period to

exceed that of the previous period, then any quality of service-guaranteed circuits

could suffer until the system adapts. According to Saito’s test bed measurement re-

sults, however, this problem occurs infrequently and the system adapts quickly. For

example, this problem occurred only once in a four-day test and the system recov-

ered by the next measurement period [Sai97]. The difference between this algorithm

and the Shiomoto algorithm is that this one relies only on two measurements —
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the current and previous measurements. The Shiomoto algorithm uses exponential

averaging to account for all previous measurements as well as the current measure-

ment. Therefore, the measured bandwidth in use might be less accurate than using

the Shiomoto algorithm.

2.4 IDNX Operation

2.4.1 IDNX Virtual Circuit Switching. NET’s Promina 800 series platform

is a state-of-the-art resource manager [NET98] used by the Air Force as well as other

DoD organizations. It includes the Integrated Digital Network Exchange (IDNX),

which acts as a gateway communications multiplexer at both fixed and deployed

sites. Its capabilities include time-division multiplexing (TDM), routing, switching,

and network management functions for all classes of traffic [Gum96].

The IDNX can accept any combination of CBR, VBR, and ABR connections

based on the node’s card complement. Each of these connections can be viewed

as a virtual circuit and are multiplexed using Time-Space-Time (TST) switching

[NET96b]. The TST switching technique is depicted in Figure 2.2 below.

Figure 2.2. Time-Space-Time Switching

Using TST switching, data from each circuit is transported to the space switch via

the data bus using TDM. The space switch then routes the frame to the appropriate
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outbound link and assigns it a time slot. If a single outbound link is used, then the

space switch becomes a degenerate case in which all inbound frames are routed to

the same outbound link.

2.4.2 Framing and Overhead. The TST switching function takes place on

a trunking module — the heart of the multiplexer. Its purpose is to take the data

arriving off the IDNX’s internal data bus and repackage it more efficiently on the

outgoing aggregate link. The data is repackaged into a framing format defined by

the type of trunk module used. The Air Force’s standard trunk module employed

in its tactical networks is the SA-TRK module, which uses a proprietary framing

format. The frame includes two types of overhead, Signaling Channel Link Protocol

(SCLP) and standard framing overhead [NET96c].

The SCLP is used for inter-nodal communications. For instance, SCLP is used

extensively for call setup and teardown as well as dynamic routing functions. SCLP

overhead is user-selectable on the SA-TRK module at levels 8, 16, and 64 kbps.

However, because SCLP overhead is used extensively for rerouting calls in the event

of a trunk failure, choosing a small value may cause performance problems.

Because the IDNX uses a unique framing format, a separate framing channel

is needed to properly reconstruct the data at the receiving end. On the SA-TRK

module, the size of this overhead ranges from 4 to 12 kbps.

2.4.3 Connection Routing and Processing. Each circuit the IDNX multi-

plexes consists of one or more connections. In the case of a data circuit, the entire

circuit can typically be viewed as a single permanent connection. By contrast, voice

circuits are typically comprised of several sub-connections that are set up and torn

down dynamically. Each of these sub-connections rides on top of a dedicated voice

circuit, however. Setting up a connection in the IDNX consists of connection rout-

ing and connection processing [NET96b]. At connection setup time, the connection

routing function determines the path from source to destination based upon link
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congestion and user-specified link preferences. Once the path is determined, if the

receiving node is capable of accepting the connection, a virtual circuit is established

and remains until a disconnect request is made by either end.

2.4.4 Bandwidth Allocation and Reservation. The IDNX’s primary band-

width allocation scheme is static allocation via TDM. Under static allocation, band-

width is allocated to each circuit at the time the circuit is established. However, the

IDNX also has a limited dynamic bandwidth allocation strategy called bandwidth

reservation [NET96a, NET96b]. These strategies have two significant limitations.

First, bandwidth can only be reserved for intra-domain connections. Promina

networks are divided into domains of up to 250 nodes [NET96a]. This can be done for

a variety of purposes such as decentralizing network management. If a connection’s

destination node is assigned to a different domain, bandwidth cannot be reserved on

that connection. Fortunately, this is less of a problem for tactical networks because

for satellite connections the destination node is at the Standardized Tactical Entry

Point (STEP), the satellite terminal’s reachback facility. The STEP is the deployed

site’s entry point into the Defense Information Infrastructure.

Second, and more significant, is that bandwidth can only be reserved on new

connections; the IDNX cannot adjust the bandwidths of established connections

[NET96a]. Because many circuits, such as data circuits, are permanent their band-

width can not be adjusted. Thus, any potential performance gain using bandwidth

reservation on non-permanent circuits would be insignificant.

2.4.5 ATM on the IDNX. NET has also introduced an ATM capability for

the Promina – the CellXpress module, which allows the Promina to function as an

access device to an ATM network. The module converts out-going data into ATM

cells and forwards the cells on to their destination. This capability certainly pro-

vides more flexibility to the Promina since it could then interface to either an IDNX

network or an ATM network as needed. However, there are several disadvantages
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hindering the Air Force’s wholesale integration. First, while the Air Force is gradu-

ally converting its backbone to ATM, it will still be about three to five years before

this capability is widely available [DAF00]. Second, the CellXpress Module only

supports Permanent Virtual Circuits. Therefore, Switched Virtual Circuits such as

VTC circuits that are only established as needed would not be supported. Finally,

the CellXpress module only interfaces with Packet Exchange-compatible modules

[NET00], which the Air Force does not currently use.

2.5 Chapter Summary

Traditional telecommunications networks have employed conventional circuit

switching, which provides a dedicated circuit for the duration of the connection.

Virtual circuit switching is a method of providing a circuit-switching interface on

a packet-switched network. It breaks messages up into packets and routes them

across the network over a predetermined path. Rather than each virtual circuit

being dedicated to the user for the duration of the connection, however, packets are

statistically multiplexed onto the outgoing link.

ATM is a high-speed networking technology that employs virtual circuit switch-

ing and is capable of integrating voice, video, and data services on the same network.

In order to provide users with a quality of service comparable to that of conventional

circuit switching, however, bandwidth has traditionally been allocated statically.

Several dynamic bandwidth allocation algorithms have been proposed, though, in

order to more efficiently utilize available bandwidth. Four of these algorithms were

presented and analyzed in this chapter.

Finally, the Promina is a resource manager employed by the Air Force and other

DoD agencies. Like ATM, it is capable of integrating voice, video, and data services

on the outgoing link of its IDNX using virtual circuit switching and a proprietary

frame format. It has a limited dynamic bandwidth allocation capability. The next

chapter provides the methodology used to test the suitability of porting one of the
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aforementioned dynamic bandwidth allocation algorithms proposed for ATM to a

TDM platform such as the IDNX.
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III. Methodology

This chapter describes the methodology used to test the system. It first defines

the system boundaries and services. The metrics collected, parameters and factors

considered, and workload submitted are discussed next. Finally, the experimental

design is described.

3.1 System Boundaries

The system under test (SUT) is the time-division multiplexer, including the

incoming user circuits and outgoing aggregate link. Details about the operation of

each circuit coming into the multiplexer will not be considered. Instead, circuits will

be seen as simply a “class” of traffic and will be assumed to arrive in a common

framing format. The aggregate link will be used to determine the utilization of

the outgoing link and as a “finish line” for the frame to calculate queuing delay.

Consequently, whether frames leaving the multiplexer are delivered successfully or

not is not measured — only that frames were sent.

The component under test (CUT) is the bandwidth manager inside the multi-

plexer. For the baseline system, this is represented as an empty box with zero delay.

For the dynamic allocation system, the CUT is the set of components added to the

standard multiplexer that dynamically allocate bandwidth to the circuits. Figure 3.1

depicts the system to be tested.

3.2 System Services

In its simplest form, the SUT takes defined user circuits, such as a voice circuit,

LAN circuit, and VTC circuit, multiplexes them together, and forwards them to

their destination via a virtual circuit at a specified rate. Using Dynamic Bandwidth

Allocation (DBA), the same service is performed, but the rate at which frames are

forwarded is updated periodically based on demand — an additional service.
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Figure 3.1. System Under Test

The system’s potential outcomes include:

• Frame Outcomes

– A frame traverses the system successfully

– A frame is dropped due to buffer overrun

– A frame is dropped for some other reason

• DBA Outcomes

– The circuit with the highest utilization is given an increased bandwidth

allocation by the bandwidth manager (sufficient residual bandwidth exists

to reallocate)

– The circuit with the highest utilization is denied a bandwidth increase

– A circuit’s request for increased bandwidth is denied by the bandwidth

manager even though enough bandwidth is available
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3.3 Performance Metrics

This research shows whether DBA will more efficiently utilize the total band-

width allocated to a communications site. Consequently, the primary metric is uti-

lization on the aggregate link. Additionally, even though delay can be tolerated by

data traffic, excessive delay will result in poor quality in voice or video traffic on

the receiving end. Therefore, queuing delay is also measured. In this document,

queuing delay is defined as the time from which a frame arrives at the multiplexer

and inserted into the input buffer to the time that the frame is extracted from the

buffer. It does not include time necessary to service the frame. These two metrics

are the only metrics considered.

3.4 Parameters

The term “parameter” refers to anything that can affect system performance

[Jai91]. The following paragraphs describe the system and workload parameters.

3.4.1 System Parameters. A system parameter is something inherent in the

system that affects performance. Typically, system parameters can vary from system

to system, but are fixed within a given system [Jai91]. The following paragraphs

describe the system parameters for the system identified in Section 3.1.

3.4.1.1 Bandwidth Allocation Granularity. Each circuit is allocated

a specific bandwidth. However, the allocation cannot be completely arbitrary. All

multiplexers have a granularity, or fixed increment, at which bandwidth can be al-

located. For example, the multiplexer might require individual circuit bandwidths

be allocated in increments of 32 kbps. In addition to restrictions imposed on the

granularity of bandwidth allocated to individual circuits, there are usually similar

restrictions on the aggregate link, but they are typically larger. Due to necessary

overhead for particular circuits, the total bandwidth required for each circuit may

not fall exactly on a granularity boundary. Consequently, there may be residual
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bandwidth in a circuit that is unusable because it falls below the allocation granu-

larity. In a multiplexer employing DBA, this can obviously limit utilization increases.

From a theoretical standpoint, if the multiplexer could allocate bandwidth in granu-

larities of bits per second, then utilization increases would be much larger than with

granularities of 32 kbps.

3.4.1.2 Maximum Supported Aggregate Bandwidth. Each multiplexer

has a maximum speed with which it can send frames to their destination. Addi-

tionally, the aggregate allocation is the sum of the individual circuit allocations.

Therefore, the sum of these allocations cannot exceed the multiplexer’s maximum

supported bandwidth. This parameter can affect performance if the multiplexer is

supporting a large number of circuits requiring high bandwidths. Either the multi-

plexer would not be able to support the number of desired circuits, or bandwidth for

some or all circuits would suffer. Typically, this is rarely a problem. Assuming that

the user has a multiplexer sized appropriate to his mission, most modern multiplex-

ers support maximum aggregate bandwidths far beyond their needs. This is even

less of a problem in tactical networks since bandwidth allocations over a satellite are

much smaller than typical multiplexer capacities.

3.4.1.3 Multiplexing Speed. Multiplexers have latencies associated

with them — the time from which a frame enters the multiplexer to the time it leaves

the multiplexer on its way to its destination. This delay is due mostly to the length

of time cells must wait in the input queue, but the time it takes a cell to physically

propagate through the multiplexer’s circuitry and the time it takes the bandwidth

manager to make a decision (see below) are also included. This parameter can affect

performance of time-sensitive traffic (e.g., voice, video), potentially resulting in the

multiplexer dropping frames if the time is excessive.
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3.4.1.4 Bandwidth Management Speed. If a multiplexer employs

DBA, then there is some time associated with deciding whether to reallocate band-

width or not. Excessive delay in this area can result in either unacceptable loss or

delay, depending upon the implementation. As mentioned in Section 3.3, though,

there are a few problems with modeling this parameter. First, some bandwidth man-

agers are so integrated into the functionality of the multiplexer that it is difficult or

impossible to separate what delay is caused by the bandwidth manager versus the

overall delay of the multiplexer. Second, some bandwidth managers are invoked at

regular intervals while others are invoked based on a circuit’s request. Therefore, it

would be difficult to compare the delay caused by the bandwidth manager. Since

bandwidth managers must minimize the reallocation decision to prevent excessive

delay, this value should be small compared to queuing delay [SCY98, Shi98]. This

study assumes a negligible delay due to the reallocation decision.

3.4.1.5 Input Queue Size. The number of frames in the input queue

awaiting service can also affect performance. Obviously, the more frames awaiting

service there are the longer it will take to be served. This can present a problem

regardless of the multiplexer’s implementation. From a theoretical perspective, even

if the queue was infinite and the arrival rate was higher than the service rate for a

sustained period of time a delay would result. Conversely, if the queue size were fixed

such that the largest number of frames in the queue was small enough to prevent

noticeable delay or loss, then newly arriving frames could be dropped when the

queue filled up. Generally speaking, however, multiplexers are designed so that this

problem is minimized.

3.4.1.6 Reallocation Methods. There are two basic methods for re-

allocating bandwidth dynamically — each of which produces different results and

side effects. The first method is incremental reallocation. Incremental reallocation

steps a circuit’s bandwidth up or down in increments of the system’s granularity
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or the circuit’s minimum allocation size, whichever is greater. For instance, if the

system allocates bandwidth in blocks of 8 kbps, when bandwidth is reallocated to

other circuits, it is allocated in increments of 8 kbps. In the case of a voice circuit,

however, in which a call must be established at, say, 32 kbps, bandwidth is real-

located in increments of 32 kbps even though the system’s granularity was 8 kbps.

This method prevents drastic drops in a circuit’s allocation for only a single period

of low utilization. However, the expected utilization gain using DBA would be much

lower than using wholesale reallocation.

In wholesale reallocation, all available bandwidth is reallocated to the most

utilized circuit, perhaps up to a specified maximum. For instance, if a circuit is

allocated 32 kbps and fully utilized, and another circuit has 16 kbps of unused

bandwidth, the entire 16 kbps can be allocated to the first circuit at once. Conversely

to incremental reallocation, the expected utilization gain would be much larger with

wholesale allocation. Similarly, drastic drops in a circuit’s allocation for only a

short period of low utilization could cause some performance degradation due to

deallocation and subsequent reallocation.

3.4.1.7 Monitoring Period Length. In a DBA algorithm that uses a

monitoring period to monitor system utilization, such as that suggested in [SCY98],

the monitoring period length can affect queuing delay. For example, suppose that the

monitoring period is long to obtain a more accurate picture of the system utilization

over time. Bandwidth is only adjusted at the end of a monitoring period, so queue

size could increase significantly if a very lightly loaded circuit suddenly becomes

heavily loaded. Larger queue sizes translate directly into longer queuing delays.

3.4.1.8 Length of Time-Out Period Prior to Reset. When allocating

bandwidth dynamically, it occasionally becomes necessary to reset the bandwidth

allocations to their original setting. Such is the case when all circuits are at 100%

utilization but their bandwidths are not at their originally assigned peak rates. Thus
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a reset is needed in order to prevent input queues from overflowing due to a higher

arrival rate than service rate. However, deallocating bandwidth to a circuit instan-

taneously could mean buffer overflow for that circuit and/or lost frames. A time-out

period may be employed during which the circuit being deallocated is notified to

reduce its frame generation rate. At the end of that period, the reset would oc-

cur. However, adding a time-out period prolongs the time before bandwidth can

be adjusted to appropriate levels resulting in larger queue sizes and longer queuing

delays.

3.4.1.9 Frame Size. For a fixed transmission rate, frame size affects

average queue size and delay. For example, at a given transmission rate a 512-byte

frame spends approximately ten times longer in service than a 53-byte frame. Longer

service times translate into longer waiting times (i.e., queuing delays). Thus, smaller

frame sizes tend to produce shorter queuing delays while larger frame sizes tend to

produce longer queuing delays.

3.4.2 Workload Parameters. A workload parameter is a characteristic

of user demands on the system that affects performance. Workload parameters

vary from installation to installation and from user to user [Jai91]. The following

paragraphs describe the workload parameters for the system.

3.4.2.1 Offered Load from User Circuits. The rate at which frames

arrive at the multiplexer from the user circuits can have a significant impact on the

aggregate utilization. For instance, due to the bursty nature of data traffic, the per-

formance of the bandwidth manager will have little effect on the aggregate utilization

of data circuits. If some of the data circuits are inactive, it will be impossible to

achieve 100% utilization. Similarly, if all of the user circuits are constant-use full-

motion video circuits, then the aggregate bandwidth will always be at or near 100%.

As with the data circuit scenario, though, the overall aggregate utilization had little
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to do with the bandwidth manager and more to do with the type of traffic on and

utilization of the user circuits. These two scenarios are extreme cases, but the point

is made. The real impact of the bandwidth manager is made when utilization of user

circuits is random and the bandwidth manager is juggling different classes of traffic.

3.4.2.2 Distribution of Traffic Classes. Consider the scenarios out-

lined in the preceding paragraph. If all circuits are data circuits (i.e., ABR traffic),

then queuing delay will tend to be low. Because of the bursty nature of data traf-

fic, statistically, the probability that the input queue will fill is low and delivery is

guaranteed. If all circuits contain CBR traffic, though, the queuing delay could be

much higher since the multiplexer must deal with a constant stream of cells. Thus,

the service rate would have to be greater than or equal to the arrival rate in this

situation. Consequently, the distribution of traffic classes across the user circuits can

affect the multiplexer’s queuing delay.

3.5 Factors

Factors are a subset of the parameters and are those parameters that are

varied in the experiments [Jai91]. The remaining parameters remain constant. The

following paragraphs list the factors for this study and the values that each take on.

3.5.1 System Factors.

3.5.1.1 Bandwidth Allocation Granularity. The size of the chunks

that the multiplexer can allocate to circuits impact the bandwidth manager’s flexibil-

ity to dynamically allocate bandwidth and, thus, aggregate utilization. The smaller

the granularity of allocation, the greater the aggregate utilization should be. The

levels chosen for this study are as follows:

• 8 kbps

• 32 kbps
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• 64 kbps

The first two levels represent typical granularities of multiplexers and are far enough

apart to show whether this factor does, in fact, affect aggregate utilization. The

last is a more extreme case to determine how significantly granularity can actually

impact aggregate utilization.

3.5.1.2 Length of Monitoring Period. Like the length of the time-out

period, the length of the monitoring period prior to reallocation can affect queuing

delay. However, the magnitude of the effect is not known. Therefore, the following

levels were chosen:

• 5.0 seconds

• 10.0 seconds

• 50.0 seconds

The first two levels should show the effect of a small difference in monitoring period,

while the last should show the effect of a long monitoring period. These levels

were chosen much smaller than that recommended in [SCY98] based on results from

system pilot runs.

3.5.2 Workload Factor — Offered Load from User Circuits. The inter-

arrival time from the circuits entering the multiplexer can have a significant impact

on the aggregate utilization. If the inter-arrival time is large on all of the user circuits,

then the aggregate utilization will be low. The converse is also true. This study shows

that aggregate utilization can be increased if unused bandwidth is available to other

circuits currently in use. The levels to be used in the study are as follows:

• System underload

• Data overload

• Voice overload
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• Voice and data overload

The system underload workload is defined as one in which all circuits submit a very

low offered load. The three types of overload conditions are defined such that one

or more circuits submit a high offered load and the remaining circuits submit a very

low offered load. For example, the data overload workload consists of a high offered

load submitted by the data circuits and the lower underload workload submitted

by the voice and video circuits. The DBA algorithm should not affect utilization

much in the underload condition, but could make a significant difference during the

various overload conditions. The chosen levels provide an appropriate exercise of the

system under the various conditions. Additionally, once results have been obtained

using these offered loads, the SBA system and best DBA configuration will submit a

set of extreme offered loads in order to compare performance with the more realistic

offered loads.

3.6 Evaluation Technique

Simulation is the primary evaluation technique. Models were generated and

simulated using OPNET Modeler 8.0 — a robust and powerful network modeling

package [OPN01]. Additionally, because the static allocation model conforms to

classical Time-Division Multiplexing and the dynamic model can be broken down

into a series of static allocations, theoretical queuing models were used to validate

the results of the simulations.

3.7 Workload

In order to fully evaluate the effects of the various factors on the aggregate

utilization and queuing delay, separate workloads were created for every combination

of workload factors given above. The following paragraphs give the application

services and associated parameter values.
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3.7.1 Offered Load.

3.7.1.1 Data Circuits. Data Circuits are modeled using a series of

ON/OFF sources, one for each application service. On and off periods are exponen-

tially distributed with mean outcomes based on loading level. Data circuit loading

levels are defined in Tables 3.1 and 3.2. In these tables, the inter-arrival and inter-

request time parameters define the off period. The size parameter determines the

on period, based on the circuit’s assigned data rate. For example, an 8 kB trans-

action would take 2 seconds to transmit on a circuit having a 32768 bps line speed.

The loading levels were chosen to represent realistic size and inter-request times for

common data applications under moderate and heavy loading.

Table 3.1. Underload Definition for Data Circuits
Data Application Parameters Mean Values

Web browsing Page inter-arrival time 5 sec
Size 32 kB

E-mail Send/Receive inter-arrival time 5 sec
Size 16 kB

FTP sessions (file download) Inter-request time 30 sec
Size 128 kB

Database access Inter-arrival time 5 sec
Size 8 kB

Offered Load Normalized to Circuit Data Rate 46.5%

Table 3.2. Overload Definition for Data Circuits
Data Application Parameters Mean Values

Web browsing Page inter-arrival time 0.5 sec
Size 64 kB

E-mail Send/Receive inter-arrival time 1 sec
Size 64 kB

FTP sessions (file download) Inter-request time 30 sec
Size 1024 kB

Database access Inter-arrival time 0.5 sec
Size 32 kB

Offered Load Normalized to Circuit Data Rate 93.7%
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3.7.1.2 Voice Circuits. Voice circuit loading is represented by the

number of possible simultaneous conversations that can be in progress. Each con-

versation uses 32768 bps of bandwidth, so the number of simultaneous conversations

for an underload workload is 4, and for an overload workload, 8. Talk spurts and

silence periods are represented as ON/OFF sources with exponentially-distributed

periods [CPR96]. Tables 3.3 and 3.4 define the loading levels for the voice circuit.

Therefore, if the number of simultaneous conversations is at the maximum of 8, the

highest offered load on this circuit will be 42.6% as shown in Table 3.4.

Table 3.3. Underload Definition for Voice Circuit
Parameter Mean Value

Mean silence length 1.35 sec
Mean talk spurt 1 sec
Switched voice circuit data rate 131072 bps
Offered Load Normalized to

Circuit Data Rate

21.3%

Table 3.4. Overload Definition for Voice Circuit
Parameter Mean Value

Mean silence length 1.35 sec
Mean talk spurt 1 sec
Switched voice circuit data rate 262144 bps
Offered Load Normalized to

Circuit Data Rate

42.6%

3.7.1.3 Video Circuits. Call inter-arrival times and mean call lengths

are represented as ON/OFF sources with exponentially-distributed periods. The

video circuit’s offered load under all loading conditions are defined in Table 3.5. For

simulation efficiency, the mean call length and inter-arrival time are much shorter

than that specified in Chapter 1, but the normalized offered load of 7.7% is the same.

3.7.2 Distribution of Traffic Classes. Traffic classes are modeled differently

depending on the class of traffic. Data traffic inter-arrival rate is modeled using an
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Table 3.5. Workload Definition for Video Circuit
Parameter Mean Value

Call inter-arrival time 1 hour
Mean call length 5 min
Video circuit data rate 262144 bps
Offered Load Normalized to

Circuit Data Rate

7.7%

exponential inter-arrival distribution. Voice and video traffic use a constant arrival

rate. The parameters vary according to the inter-arrival configurations specified

above.

3.8 Experimental Design

3.8.1 Type. Correlation among selected factors was not readily known or

apparent. Therefore, a full factorial design was used. One DBA algorithm was im-

plemented — Instantaneous VP Utilization Measurement [SCY98]. This algorithm

was selected because of its simplicity — calculating instantaneous utilization via a

frame count — the reallocation decision should be fast, resulting in negligible in-

creases in queuing delay. Furthermore, because the algorithm can be completely

implemented in software, it lends itself to other platforms, including TDM. The In-

telligent Multiplexing algorithm [Hoe94] was not chosen because it requires that the

multiplexer distinguish between traffic classes. Many TDM platforms do not sup-

port this. Calculation complexity precluded selection of the Adaptive Bandwidth

Demand Estimation algorithm [Shi98]. Such complexity might result in excessive

time for a reallocation decision. The VP Bandwidth Control algorithm [Sai97] is

very similar to the selected algorithm. However, the VP Bandwidth Control algo-

rithm relies on only the current and previous measurement; the selected algorithm

relies on the current measurement and all past measurements. Therefore, though

the two algorithms are very similar, the selected algorithm should perform better.

The selected algorithm’s performance was compared with a static allocation method.
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This results in 40 experiments without regard for replications. The response vari-

ables are aggregate utilization and queuing delay. Refer to Section 3.3 for detailed

information.

3.8.2 Replications. The central hypothesis of this study is that dynamic

bandwidth allocation on a time-division multiplexer can achieve higher utilization on

its aggregate link than static allocation, without adversely affecting queuing delay.

The data should show with 90% confidence that the DBA algorithm is better than

the static allocation method. Specifically, the DBA system utilizations should be

statistically higher than the static system. Conversely, the DBA system’s queuing

delays should be either statistically equivalent or only slightly higher.

The number of observations taken per configuration to achieve a 90% confi-

dence depends upon the outcome variance. The utilization variance was quite low

since time-division multiplexers are designed such that a particular offered load pro-

duces an equivalent aggregate utilization. Therefore, the number of replications

needed was low. Assuming the number of experiments run was five, and the stan-

dard deviations are both two, the difference between the utilizations only need be

greater than 2.29% to be statistically different at 90% confidence. The queuing delay

variance should also be low, so a similar derivation can be made for it. Of course,

if the data variance turns out to be higher than assumed, then more experiments

need to be run to achieve the same 90% confidence. Similarly, if the difference in

utilization (or queuing delay) is less (or more) than 2.29%, then more experiments

will need to be run in order to achieve the same 90% confidence. The total number

of experiments to be run is 200.

3.8.3 Experimental Error. The predictor models for the performance of

each system are the means of the two metrics collected — aggregate utilization and

queuing delay. This model is based on several assumptions [Jai91]:

3-14



• Model errors are statistically independent

• Errors are normally distributed with zero mean

• Error standard deviation is constant

Consequently, for models to be valid, these assumptions must be verified. Therefore,

each assumption was verified using techniques discussed in [Jai91]. Had one or

more of these assumptions not held, then more system analysis would be needed to

determine what other parameters needed to be modeled.

3.9 Chapter Summary

This chapter described the bounds of the system under test including services

provided and possible responses. It also enumerated the parameters associated with

the system and the workload to be submitted. From that list of parameters, alloca-

tion granularity, monitoring period, and offered load were the chosen factors. The

performance metrics chosen to measure the effect of these factors were aggregate uti-

lization and queuing delay. Finally, a full factorial experimental design was chosen

using simulation as an evaluation technique, resulting in a total of 40 simulations.
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IV. Results and Analysis

This chapter presents the results from simulations described in Chapter 3. First, an

overview of the system design and configuration is given. The simulation results are

then presented with pertinent analysis of those results.

4.1 System Design

The dynamic bandwidth allocation (DBA) model implemented is an enhance-

ment of that developed by Shiomoto, et al. [SCY98]. Their research assumes ho-

mogeneous switched ATM circuits. This study modifies that model to support het-

erogeneous permanent circuits in a TDM environment. Because the system accepts

heterogeneous circuits, each circuit’s instantaneous utilization is calculated sepa-

rately. Instantaneous utilization is calculated using

ρi = αini(t) + (1− αi)ρi(t−∆) (4.1)

αi =
−2(1−K) +

√

4 (1−K)2 + 8 (ε−1 − 1) (1−K)

2 (ε−1 − 1)
(4.2)

K = cos

(

2π
slotFreqi

TotalSlots

)

(4.3)

where ni(t) is the number of frames arriving on circuit i during the last time slot,

ρi(t-∆) is the last computed utilization for circuit i, αi is the weighting factor of the

ith circuit, and ε is the objective frame loss rate.

Two changes are made to Shiomoto’s equations for calculating instantaneous

utilization and the weighting factor, α (2.7) and (2.10), respectively. First, the

instantaneous utilization is determined for each circuit. Second, the peak frame rate

is changed to a measure of the number of time slots per second currently assigned
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to the circuit (slotFreqi). Similarly, the aggregate link transmission time is changed

to the total number of time slots per second (TotalSlots). The algorithm is also

modified to support permanent circuits rather than switched circuits to support

tactical military communications networks. To support permanent circuits, residual

bandwidth is allocated to the circuit with the highest demand rather than using the

residual bandwidth as the basis for an admission decision.

Figure 4.1 shows the DBA state-transition diagram for the algorithm devel-

oped. After initialization, the first time slot begins service in the svc start state.

The process then transitions to the idle state. If an arrival occurs, an interrupt is

generated, forcing the process to the arrival state. This state places the arriving

frame in the appropriate circuit’s input buffer, then transitions the system back to

the idle state. At the end of each time slot, an interrupt is generated forcing the

system to the svc compl state, which calculates the queuing delay. The process then

transitions to the upd lambda state, which calculates the instantaneous utilization

of each circuit. Next, the process returns to the svc start state to begin servicing

another frame and finally back to the idle state. At the end of the monitoring period,

another interrupt is generated. This interrupt forces the system to the update BW

state. This state reallocates all unused time slots (down to a specified minimum)

from the circuit with the lowest utilization to the one with the highest utilization.

Finally, in the event that all circuits are utilizing all of their time slots, but those

slot assignments are not the initially-assigned rates, an interrupt for the reset state

is generated. This state resets the time slot allocations to the original assignments.

4.2 System Configuration

Figure 4.2 depicts the configuration of the system under test. The system

consisted of four user circuits — a voice circuit, a video circuit, and two data cir-

cuits (labeled NIPRNET and SIPRNET). Based on typical data rates allocated to

deployed sites, these circuits were assigned data rates of 262144 bps, 262144 bps,
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Figure 4.1. Dynamic Bandwidth Allocation State Transition Diagram

131072 bps, and 131072 bps, respectively. The aggregate bandwidth was 786432

bps. The model also assumed a fixed frame size of 4096 bits, a minimum circuit data

rate of 8192 bps (32768 bps for the voice circuit), and a maximum frame loss rate of

1E-4.

The interarrival times for all workloads submitted to the static model and

the All Circuits Underload workload submitted to the dynamic model remained the

same; they did not change during the course of the simulation. To test the effective-

ness of the DBA algorithm, however, these times were reduced on the three overload

workload conditions submitted to the dynamic model. For example, if a circuit was

using all of its allocation and was subsequently granted a greater allocation, the

inter-arrival time was decreased to take full advantage of the new allocation. Had

this not been done, no change would have been seen in the system utilization thus

creating an inaccurate picture of the effectiveness of the algorithm. However, this
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Figure 4.2. System Under Test

change was not made to the System Underload workload submitted to the dynamic

model because this scenario was not meant to stress the system.

4.3 Model Verification and Validation

The validation process ensures the created system or derived model accurately

models some known system such as a theoretical model. The verification process

ensures the derived model is implemented correctly [Jai91]. For example, for a

simulation model, validation ensures the algorithm correctly models the system and

verification ensures the model is defect-free.

To evaluate the model’s behavior sufficiently, several scenarios were simulated

on both the static and dynamic models. Additionally, workloads and system pa-

rameters were chosen such that the theoretical analysis was simplified. First, the

number of circuits was varied between one, two, and five to verify the model could
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operate correctly under a varying number of inputs, including the degenerate case

of one. Second, the ON/OFF periods were equal and constant. Figure 4.3 shows

the workload submitted to the two-circuit configuration using the static allocation

method. As the figure shows, Circuit 0 was set to start transmission first; Circuit

1 then began transmitting at the same data rate 600 seconds later. Both sources

then ceased transmission simultaneously. This setup allowed easy validation that

the instantaneous queuing delays for each circuit and aggregate utilization were as

expected. In this configuration, one would expect the instantaneous utilization to be

50% when only one circuit was active and 100% when both were active. Figure 4.4

confirms these results. Figure 4.5 shows that the queuing delay for both circuits

is 437.5 ms, which also matches the theoretical model. In all configurations, the

utilization and queuing delay results matched that of the theoretical model. Refer

to Appendix A for a more detailed analysis of the static model’s verification and

validation.

Figure 4.6 depicts an overload-type workload submitted to the two-circuit con-

figuration using the dynamic model. Initially, the workloads submitted were the

same for both circuits — 16384 bps each. However, because Circuit 0 is currently

the only one transmitting, it is able to take advantage of part of Circuit 1’s unused

bandwidth. The bandwidth manager allocates all of Circuit 1’s unused bandwidth

down to an 8192 bps threshold. This gives Circuit 0 a new bandwidth of 24576

bps, which it takes advantage of. Circuit 0’s bandwidth then decreases to the origi-

nally assigned data rate 600 seconds later when Circuit 1 begins transmitting. Once

again, this setup allowed easy validation that the instantaneous queuing delays for

each circuit and aggregate utilization were as expected. It also validated that the

DBA algorithm was functioning properly. In this configuration, one would expect

the instantaneous utilization to be 75% when only one circuit was active and 100%

when both were active. Figure 4.7 confirms these results. Just like the static model,

the simulation results from every configuration unanimously matched that of the
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Figure 4.3. Verification and Validation Workload Submission for the Static Model

Figure 4.4. Utilization for Two-Circuit Configuration Using the Static Model
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Figure 4.5. Queuing Delay for Two-Circuit Configuration Using the Static Model
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Figure 4.6. Verification and Validation Workload Submission for the Dynamic
Model

theoretical model for utilization. Theoretical modeling indicates that the queuing

delay for Circuit 0 should be 354 ms when it is the only circuit active. When both

circuits are active, queuing delays should be 437.5 ms — the same as in the static al-

location model. In practice, however, this is not possible since the theoretical model

assumes that the DBA algorithm’s monitoring period is zero. If a circuit becomes

active during the monitoring period, however, queue sizes and, thus, queuing delays

will increase linearly. Therefore, as Figure 4.8 indicates, observed queuing delays

matched the theoretical model when one circuit was active and were much higher

than the theoretical model when both circuits were active. Refer to Appendix A for

a more detailed analysis of the system’s verification and validation.
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Figure 4.7. Utilization for Two-Circuit Configuration Using the Dynamic Model

Finally, both models were tested again using the same setup as before with the

exception of the ON/OFF period distributions. These periods’ distributions were

changed from constant to exponential to see if the results were similar. In all cases,

the workloads produced similar utilizations. Queuing delays on the DBA system

were more extreme than that experienced using the constant distribution but this

was expected. Since one circuit would tend to be active more than the others and

all would remain active together for a period, the system needed time to adjust the

bandwidth accordingly. If all circuits were transmitting at their originally-assigned

peak rates, however, there would be no way for the other circuits to reduce the frame

backlog which had developed while the algorithm was adjusting. This issue will be

discussed later in this chapter.

4.4 Static Allocation vs. Dynamic Allocation — First Iteration

4.4.1 Utilization. Results were obtained comparing the static system to

the dynamic system using the DBA algorithm outlined in Section 4.1 (referred to

as DBA-1). Figure 4.9 compares the mean utilizations of the DBA-1 system to the

static system. The DBA-1 utilizations represent the mean across both factors for a
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Figure 4.8. Queuing Delay for Two-Circuit Configuration Using the Dynamic
Model
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Figure 4.9. Utilization: Static Allocation vs. DBA-1

particular offered load. Every DBA-1 configuration produced statistically significant

utilization gains over the static system at 90% confidence. Refer to Table 4.1 for

the confidence intervals on the utilization gains. The smallest average gain observed

was 6.24% with the System Underload workload. This gain indicates that even

in light loading, the system is still able to optimize the available bandwidth. The

largest average gain observed was 18.48% with the Data Overload workload. The

system performed better with the Data Overload workload than the Voice and Data

Overload workload because the bandwidth manager was able to optimize bandwidth

allocation for the data circuits with only two circuits heavily loaded. However, with

the Voice and Data Overload workload, three of the four circuits were heavily loaded

causing the bandwidth manager to juggle between the three circuits competing for

additional bandwidth. Nevertheless, the bandwidth manager was able to increase

aggregate utilization under all four workloads by allowing circuits with a high de-

mand to claim unused bandwidth from circuits with a lower demand. This effect

enhances system performance so long as delay does not increase beyond acceptable

limits for real-time traffic.
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Table 4.1. Utilization Gain 90% Confidence Intervals

Workload accounted for 99.16% of the observed variation in the data. There

was some observed variation attributable to the monitoring period and allocation

granularity factors, but statistically this variation was negligible. The unexplained

variation accounted for 0.37% of the observed variation. Therefore, it was concluded

that neither the monitoring period nor the allocation granularity had an effect on

the DBA-1 system’s utilization. This was expected since a time-division multiplexer

is designed to produce the same level of output as it is offered so long as the input

buffers don’t overflow.

4.4.2 Queuing Delay.

4.4.2.1 Data Circuits. As Figures 4.10 through 4.13 and 4.14 through

4.17 show, both the NIPRNET and SIPRNET circuits produced statistically lower

queuing delays on the DBA-1 system for all but the Voice Overload workload. Queu-

ing delay was also 11 ms higher than the static system on the SIPRNET circuit under

the System Underload condition (Figure 4.14), with a 50.0 second monitoring period

and 8192 bps allocation granularity. The data circuits performed well on three of the

four loading levels because the bandwidth manager was able to effectively optimize

bandwidth while keeping queuing delays low because of the low loading on the video

circuit. As shown in Figures 4.11 and 4.15, however, queuing delays were higher

than the static system in the Voice Overload condition. This is because the voice

circuit was more heavily loaded. This means lower queuing delays based on higher
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Figure 4.10. NIPRNET Circuit Queuing Delay — System Underload

Figure 4.11. NIPRNET Circuit Queuing Delay — Voice Overload

average bandwidths for the voice circuit at the expense of queuing delays for other

circuits.

Queuing delay tended to increase as monitoring period increased. This was

true on all but the Voice and Data Overload workload. Queuing delay decreased on

this loading level because the system was more stable with three of the four circuits

heavily loaded. Furthermore, the heavy loading on the data circuits also contribute

to greater stability for these circuits. Therefore, the bandwidth manager was able

to optimize bandwidth and queuing delay much better as the system made fewer
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Figure 4.12. NIPRNET Circuit Queuing Delay — Data Overload

Figure 4.13. NIPRNET Circuit Queuing Delay — Voice and Data Overload

Figure 4.14. SIPRNET Circuit Queuing Delay — System Underload
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Figure 4.15. SIPRNET Circuit Queuing Delay — Voice Overload

Figure 4.16. SIPRNET Circuit Queuing Delay — Data Overload

Figure 4.17. SIPRNET Circuit Queuing Delay — Voice and Data Overload
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reallocations. Queuing delay increased dramatically with monitoring period when

using an 8192 bps allocation granularity. The reason for this increase is unknown.

However, because of excessive video circuit queuing delays (see Section 4.4.2.3), a

change to the DBA-1 algorithm is required in any case. This queuing delay increase

was not observed in subsequent versions of the algorithm.

The best overall data circuit queuing delays were observed using a 65536 bps

allocation granularity and 5.0 sec monitoring period. In this configuration, the NIPR-

NET circuit produced average queuing delays up to 122.8 ms lower than the static

system. Similarly, the SIPRNET circuit produced average queuing delays up to 125.7

ms lower than the static system. The highest queuing delays observed in this con-

figuration were on the Voice Overload workload. However, average queuing delays

observed at this loading level were only 2.3 ms higher than the static system on the

NIPRNET circuit and 2.0 ms higher on the SIPRNET circuit. Clearly, in this config-

uration, the DBA-1 system produces lower queuing delays on average than the static

system. The reasons for the lower queuing delays observed on this configuration are

discussed in Section 4.4.2.5.

4.4.2.2 Voice Circuit. As Figure 4.19 shows, queuing delays were

consistently statistically lower than the static system with the Voice Overload work-

load. Only one configuration under this loading condition produced an average

queuing delay above the 309.1 ms average queuing delay of the static system. This

configuration used a 65536 bps allocation granularity and 50.0 sec monitoring period

and was an average of 18.9 ms greater than the static system. The lowest average

queuing delay observed with this loading level was 222.7 ms using an 8192 bps allo-

cation granularity and a 5.0 second monitoring period. Figure 4.18 shows that the

two higher allocation granularities, combined with the two lower monitoring peri-

ods, produced average queuing delays slightly lower than the static system’s 260.3

ms average with the System Underload workload. The best average queuing delay

observed in this loading level was 253.1 ms, using a 65536 bps allocation granular-
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Figure 4.18. Voice Circuit Queuing Delay — System Underload

Figure 4.19. Voice Circuit Queuing Delay — Voice Overload

ity and a 10.0 second monitoring period. The other two loading levels shown in

Figures 4.20 and 4.21 resulted in average queuing delays exclusively higher than the

static system, regardless of configuration.

Queuing delay generally increased as the monitoring period increased. This re-

sult was expected, however, since longer monitoring periods imply a slower response

to workload dynamics. Conversely, queuing delay generally decreased as allocation

granularity increased. This was also expected since fewer reallocations would con-

tribute to a more stable system and, thus, lower queuing delays. The exception
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Figure 4.20. Voice Circuit Queuing Delay — Data Overload

Figure 4.21. Voice Circuit Queuing Delay — Voice and Data Overload
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to this was with the Voice Overload workload. In this case, the voice circuit was

the only heavily loaded circuit. Therefore, the bandwidth manager could keep voice

circuit queuing delay down by quickly responding to voice circuit demands.

The best overall voice circuit queuing delays were observed with a 65536 bps

allocation granularity and a 5.0 second monitoring period. In this configuration, the

voice circuit produced average queuing delays as much as 65.9 ms lower than the

static system. The highest queuing delays observed in this configuration were with

the Data Overload workload. Average queuing delays at this level, however, were

significantly higher than the static system — an average of 69.8 ms higher. Although

voice circuit queuing delays were generally close to those of the static system, delays

this high could be considered excessive for real-time traffic. This issue is addressed

in greater detail in Section 4.6.

4.4.2.3 Video Circuit. The video circuit produced average queu-

ing delays statistically equivalent to the static system in only 5 of 36 configura-

tions. Three of the five configurations were using the System Underload workload

(Figure 4.22). Four of the five configurations used a 5.0 second monitoring period.

As Figure 4.24 shows, with a 5.0 second monitoring period in the Data Overload,

the 8192 bps allocation granularity produced an average queuing delay 9.0 ms higher

than the static system; with the 32768 bps allocation granularity, queuing delays were

an average of 14.8 ms higher than the static system. All other video circuit queuing

delays were quite high. Even with a 5.0 second monitoring period, the best video

circuit queuing delay observed with the Voice Overload workload was 679.9 ms as

shown in Figure 4.23. Queuing delays were even higher with the Voice and Data

Overload workload (Figure 4.25). The lowest queuing delay observed at this loading

level was 864.4 ms. Average queuing delays for configurations with a 50.0 second

monitoring period were no less than 833.8 ms and were as high as 5.482 sec. The

effects of long monitoring periods were clearly seen on the video circuit. Because

the video circuit was very lightly loaded but required a very high bandwidth, the
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Figure 4.22. Video Circuit Queuing Delay — System Underload

Figure 4.23. Video Circuit Queuing Delay — Voice Overload

dynamic system generally had trouble adjusting quickly enough to keep queuing de-

lays down. Therefore, as with the voice circuit, video circuit queuing delays were

generally unacceptable for real-time traffic.

4.4.2.4 Allocation of Variation. Tables 4.2 through 4.5 show the

allocation of variation for each of the four circuits. Workload was a large contributor

to the observed variation for all circuits. It accounted for 81.44% and 81.28% of

the variation in the two respective data circuits, 43.68% in the voice circuit and
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Figure 4.24. Video Circuit Queuing Delay — Data Overload

Figure 4.25. Video Circuit Queuing Delay — Voice and Data Overload
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23.68% in the video circuit. Clearly how heavily each circuit is loaded will affect the

circuits’ queuing delays. If one circuit is more heavily loaded than the others, then

the bandwidth manager is generally able to reallocate more bandwidth to it, keeping

queuing delays down. Thus, queuing delays tend to be lower for that circuit when it

is the sole heavily loaded circuit. Queuing delay tended to be higher than the static

system on the Voice and Data Overload workload because the bandwidth manager

was continuously reallocating between the three heavily loaded circuits. This could

result in excessive jitter on voice and video circuits and should be examined more

closely in future research.

Table 4.2. Voice Circuit Allocation of Variation using the DBA-1 Algorithm

Table 4.3. Video Circuit Allocation of Variation using the DBA-1 Algorithm

Monitoring Period accounted for 29.75% of the variation in the voice circuit

and 53.49% of the variation on the video circuit. This factor had little effect on

the data circuits because the data traffic had similar characteristics regardless of the

length of the period of observation (i.e., monitoring period). The reason the video

circuit was affected much more is that its mean off period was long compared to

Table 4.4. NIPRNET Circuit Allocation of Variation using the DBA-1 Algorithm
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Table 4.5. SIPRNET Circuit Allocation of Variation using the DBA-1 Algorithm

the data circuits. Therefore, the video circuit’s bandwidth was reduced considerably

while inactive. When it became active, however, its input buffer size would grow

until the monitoring period expired prior to reallocation. The result of such little

activity on the video circuit was an implicit prioritization of other circuits above the

video circuit. This is because the video circuit required such a large number of time

slots to operate with minimal delay. However, these time slots were rarely available

because they were allocated to other circuits with a higher demand. This problem

is addressed again in Section 4.5. The voice circuit was affected by the monitoring

period because its utilization never got above 43% (i.e., 1 sec on out of every 2.35

sec). Therefore the bandwidth manager reduced the voice circuit’s service rate to

match its measured utilization. The arrival rate never decreased, however, causing

the input buffer size to grow during on periods. This resulted in the appearance

of a higher utilization, which caused an oscillation back to a higher service rate.

When the monitoring period was higher, the voice circuit had to wait longer for the

adjustment to take place, resulting in higher average queuing delays.

4.4.2.5 Best Configuration. The 65536 bps allocation granularity

and 5.0 sec monitoring period resulted in the best overall configuration for queuing

delay. The 65536 bps granularity performed better because reallocations were not

made as often. This resulted in larger granularities needed for a reallocation. This

in turn meant the system did not have to adjust as often which resulted in fewer

times that the input buffers filled up due to a reallocation.

The 5.0 second monitoring period gave the best performance because the sys-

tem could react quickly to a circuit needing more bandwidth. The 10.0 and 50.0
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second monitoring periods caused input buffer sizes to increase considerably while

the system waited to determine which circuits to allocate bandwidth between.

4.4.3 Choice of Distribution for Data Circuits. Classical modeling of

network traffic has used the exponential distribution to model inter-arrival times

[Jai91, SAH94]. Recent research has shown, however, that data traffic does not fit

this model well because it is more bursty by nature [LTW94, PaF95, CrB97]. A traf-

fic model based on the Pareto distribution seems to model data traffic more closely.

Therefore, some simulations were done using the Pareto distribution with a shape

parameter of a = 1.6 in place of the exponential distribution. Simulation results

indicate that for the configuration with an 8192 bps allocation granularity and 5.0

second monitoring period, the queuing delay difference between the two distributions

is less than 6.5 ms at 90% confidence (see Figure 4.26). This difference is negligible,

however, since average queuing delays were in excess of 370 ms. Utilizations were

also very close. For example, the model using the exponential distribution had an

average utilization of 47.57% with the above configuration on the heaviest loading

level, compared to 49.30% from the model using the Pareto distribution. Therefore,

since the aggregate utilization and data circuit queuing delays match very closely, it

was concluded that the exponential distribution produces similar results to that of

the Pareto distribution for the metrics collected in this study.

4.4.4 Overall Assessment of the DBA-1 Algorithm. Clearly the DBA-1

algorithm provided higher utilizations than the static allocation method under all

loading conditions. Unfortunately, these gains came at the expense of queuing delay.

Queuing delays reached up to 864 ms on the video circuit using the best configuration,

indicating that this solution is unacceptable for real-time traffic.
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Figure 4.26. Data Circuit Queuing Delays: Exponential vs. Pareto Distribution

4.5 DBA with CBR Circuit Priority — Second Iteration

Because the pure DBA-1 algorithm failed to produce acceptable queuing delay

results, especially for the video circuit, the algorithm was modified to give priority

to the video circuit (referred to as DBA-2). Figure 4.27 shows the state transition

diagram for the modified algorithm. This model is the same as that shown in Fig-

ure 4.1 with the following additions. In the arrival state, every arriving frame is

examined to determine which circuit it arrived from. Once an arriving video frame

was detected, the system checked to ensure the video circuit was assigned enough

time slots to correspond to its peak rate. If the video circuit needed an additional

allocation of time slots, an interrupt was generated. This interrupt sent the system

to the reset priority state, which systematically removed unused time slots from each

circuit based on current measured utilization levels. If enough time slots could not

be found to reallocate to the video circuit, the system entered the reset full state,

which set each circuit’s time slot allocations back to the originally-assigned levels.

4.5.1 Queuing Delay. Simulations were run for the configuration using a

65536 bps allocation granularity and 5.0 second monitoring period since this was the
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Figure 4.27. DBA with CBR Priority State Transition Diagram

best overall configuration observed with the DBA-1 algorithm. The dynamic system

performed much better with the CBR priority feature added. The voice and data

circuits even had slightly lower average queuing delays, but overall this difference

was negligible. The video circuit, however, had much lower queuing delays — in

some cases, less than half of that observed using the DBA-1 algorithm. Figure 4.28

compares the average video circuit queuing delays of the two DBA versions and the

static allocation method for each loading level in the above configuration. The CBR

priority feature decreases the queuing delay difference considerably for all workloads.

In this configuration, the maximum mean difference observed between the DBA-2

algorithm and the static algorithm was 137 ms, a 74.08% decrease from the DBA-1

algorithm. Every circuit was able to experience a queuing delay decrease due to the

bandwidth manager’s increased capability to manage the time slots available to each

circuit. Giving priority to the CBR circuit ensures that the necessary time slots are

available as soon as possible. In addition, the bandwidth manager can also continue
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Figure 4.28. Comparison of Previous Video Circuit Queuing Delays and DBA-2
Queuing Delays

to provide more time slots to the other circuits while the video circuit is inactive,

thus reducing overall queuing delays.

4.5.2 Utilization. Aggregate utilization was only negligibly lower using the

CBR priority addition. Figure 4.29 shows the utilizations for each of the algorithms.

The largest observed difference in mean utilization between the DBA-1 algorithm and

the DBA-2 algorithm was 0.55%. Therefore, this addition improved queuing delay

without adversely affecting the utilization gains of the algorithm or their statistical

significance. This was not unexpected, however. Since the offered load was the same

for both with and without the CBR priority feature, it is expected that the aggregate

utilization would be about the same. Refer to Appendix B for Utilization Confidence

Intervals.

4.5.3 Overall Assessment of the DBA-2 Algorithm. The improved algo-

rithm retained the utilization gains achieved under the DBA-1 algorithm. Further-

more, queuing delays decreased across the board — in some cases up to 74% — and

the voice and data circuits produced queuing delays at or below that of the static
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Figure 4.29. Comparison of Previous Utilizations and DBA-2 Utilization

model for the best configuration. However, video circuit queuing delays were still

139 ms greater under the best DBA factor combination than the static model —

a 41% difference. Consequently, queuing delays are still unacceptable despite the

utilization gains achieved with the DBA-2 algorithm.

4.6 Static and Dynamic Allocation with Work Conservation

Up to this point, the DBA algorithm’s performance has been compared to

that of the static model, which represents static assignment TDM. Static assignment

TDM, though, does not lend itself well to supporting real-time traffic. For example,

video circuit queuing delays observed using the static model average 1/3 of a second.

This is because the best case occurs when frames arrive at the beginning of a circuit’s

allocation (resulting in a zero waiting time) and the worst case occurs when frames

arrive immediately following a circuit’s allocation (resulting in a 2/3 second waiting

time). Furthermore, if a particular circuit has no frames to transmit during its

allocation, then those slots go unused.

The ITU’s 1996 Recommendation, G.114, states that most users can tolerate

a total end-to-end delay for two-way voice traffic between 300 and 800 ms [ITU96].
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We will assume the same standard for 2-way video traffic as well. While some users

may find an 800 ms delay acceptable, the ITU’s recommendation states that an 800

ms delay could result in noticeable delay for some users. Noticeable delays such

as this are common for tactical military networks, however. The 300-800 ms delay

figure includes not only the initial queuing delay, but also queuing delays at each hop

along the way to the destination and transmission delays. Consider also that tactical

military communications networks often tie into the global communications network

through a satellite connection, which adds an additional 250 ms to the transmission

time. It is clear that a large queuing delay such as the average 1/3 of a second seen

under the static model could easily result in end-to-end delays nearing or exceeding

800 ms.

4.6.1 Static Allocation with Work Conservation. Work conservation en-

sures that every available time slot is filled as long as at least one circuit has a frame

waiting. This concept was incorporated into the static allocation algorithm in order

to reduce the queuing delays experienced by the strict static allocation method. The

new algorithm worked in the same manner as the original method with one excep-

tion: if a circuit’s input buffer becomes empty during its time slot allocation, the

other circuits’ input buffers are polled, in turn. The first input buffer found with a

waiting frame is inserted into the time slot. The only way that a time slot would

go empty then, is if all input buffers are empty. For example, if Circuit 1 is inactive

during its time slot allocation, then Circuit 2’s input buffer will be examined for a

waiting frame. If one exists, it is inserted into the time slot; if not, Circuit 3’s input

buffer is examined, and so on.

4.6.1.1 Utilization. Utilization was unchanged from that of the strict

static model. This was expected since the offered loads were the same between the

two systems. The same number of frames were being submitted for a particular

offered load. The only difference is that they were serviced in a more efficient manner,
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Figure 4.30. Comparison of Static Allocation Method Queuing Delays — System
Underload

thus reducing queuing delay. The number of empty time slots per cycle, however,

remained the same.

4.6.1.2 Queuing Delay. Queuing delay was reduced by as much as

two orders of magnitude with the implementation of the work conservation feature.

Figures 4.30 through 4.33 show the difference under each of the loading levels. The

video circuit experienced the lowest queuing delays. The highest average video cir-

cuit queuing delay observed was 5.8 ms, down from 335.7 ms. The voice circuit

experienced the highest average queuing delays, ranging from 19.3 ms on the System

Underload (Figure 4.30) to 23.9 ms on the Voice and Data Overload (Figure 4.33).

The reason for the higher queuing delay observed on the voice circuit is due to

the work conservation algorithm’s implementation. The algorithm looks to the next

circuit in sequence to fill a potentially-unused time slot. Therefore, the NIPRNET

circuit had “first priority” on all unused time slots of the rarely-active video circuit.

Because the voice circuit fell immediately before the video circuit, sequentially, it

had “last priority.” Of course, the voice circuit had first priority on the SIPRNET

circuit but the amount of unused time slots were much less than from the video
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Figure 4.31. Comparison of Static Allocation Method Queuing Delays — Voice
Overload

Figure 4.32. Comparison of Static Allocation Method Queuing Delays — Data
Overload
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Figure 4.33. Comparison of Static Allocation Method Queuing Delays — Voice
and Data Overload

circuit. There are two alternatives to eliminating this problem. The first is to ensure

that all circuits are prioritized based on bandwidth and delay requirements. For

example, if the video circuit has the highest priority and the voice circuit has the

second highest priority, then the voice circuit should be given priority on any of

the video circuit’s unused time slots. The second alternative is to randomly select

which circuit will have “first priority” upon encountering a potentially-unused time

slot. Whether this issue is mitigated or not, however, the algorithm’s ability to fill

potentially-unused time slots clearly has a tremendous impact on the queuing delay

experienced by arriving frames.

4.6.2 Dynamic Allocation with Work Conservation — Third Iteration. The

work conservation feature was also incorporated into the DBA-2 algorithm (referred

to as DBA-3) and compared against the new static system as a baseline. Simulations

were then run to determine if the effects on queuing delay were as dramatic for the

DBA system as the static system.
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4.6.2.1 Utilization. Utilization was very close to that observed using

the DBA-1 algorithm. The largest mean difference observed was 0.55%, which is

only a 1.8% change from the original value. Therefore, the statistically significant

utilization gains achieved with the DBA-1 algorithm were not affected by the addition

of the work conservation feature. The highest average utilization gains over the static

system were again using the 32768 bps granularity and 5.0 sec monitoring period

configuration — the same as with the DBA-1 algorithm. The configuration resulting

in the lowest utilization gains also matched that observed using the DBA-1 algorithm.

These results further indicate that the introduction of the work conservation feature

had no effect on aggregate utilization.

The allocation of variation nearly matched that seen with the DBA-1 algo-

rithm. Workload accounted for 99.3% of the variation observed in the data, while

monitoring period and allocation granularity had a negligible effect. The unexplained

variation accounted for 0.30%. This result indicates first that offered load is almost

solely responsible for the utilization performance of the system. It also indicates,

however, that, for a given workload, the DBA algorithm can increase utilization

approximately the same irrespective of allocation granularity or monitoring period.

4.6.2.2 Queuing Delay. With the work conservation feature, the

DBA-3 algorithm performed well across all configurations and offered loads. The

following sections analyze the queuing delays observed for each of the circuit types,

in turn. The DBA-3 results are then examined to determine which configuration

performed the best.

4.6.2.2.1 Video Circuit. With the inclusion of both the CBR

priority and work conservation features, the video circuit had outstanding queuing

delay results compared to previous results. All configurations produced statistically

equivalent or better queuing delays on the Data Overload as shown in Figure 4.36.

Similarly, as shown in Figure 4.34, all but two configurations produced statistically
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equivalent or better queuing delays on the System Underload. The two that were

statistically different employed 5.0 second monitoring periods and 32768 and 65536

bps allocation granularities and resulted in mean differences no greater than 0.56

and 0.70 ms, respectively, at 90% confidence. One reason for the good performance

on these two workloads, however, deals with the sequencing of the circuits as ex-

plained in Section 4.6.1.2. The voice circuit is only lightly loaded in both of these

configurations allowing the video circuit more opportunities to fill the voice circuit’s

unused time slots as necessary. Queuing delays were higher on the Voice Overload

and Voice and Data Overload levels as shown in Figures 4.35 and 4.37, respectively.

Average video circuit queuing delays on the static system were 5.03 ms and 5.77 ms

on these two respective loading levels. The DBA system produced higher queuing

delays but were much closer to the static system than the queuing delay differences

observed without the inclusion of the work conservation feature. With the Voice

Overload workload shown in Figure 4.35, the largest mean difference observed was

2.17 ms, using an 8192 bps allocation granularity and 5.0 second monitoring period.

Queuing delay differences were slightly higher on the Voice and Data Overload level

(Figure 4.37), but the largest mean difference observed was only 4.92 ms, again using

an 8192 bps allocation granularity and 5.0 second monitoring period. Compared to

the maximum delay for real-time traffic discussed in Section 4.6, several DBA-3 sys-

tem configurations would perform acceptably despite the slight increases in queuing

delays.

In general, configurations using a 10.0 second monitoring period had lower

queuing delays. Because of the long inactive periods on the video circuit, longer

monitoring periods did not allow the system to adjust to circuit activations as quickly

as lower monitoring periods. Shorter monitoring periods resulted in a large number

of reallocations likely causing excessive system jitter.

4.6.2.2.2 Data Circuits. The data circuits also performed well

with the added features. However, all configurations and workload combinations
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Figure 4.34. Video Circuit Queuing Delay Comparison — System Underload

Figure 4.35. Video Circuit Queuing Delay Comparison — Voice Overload
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Figure 4.36. Video Circuit Queuing Delay Comparison — Data Overload

Figure 4.37. Video Circuit Queuing Delays Comparison — Voice and Data Over-
load
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resulted in statistically higher queuing delays over the static system. Refer to Ap-

pendix B for 90% confidence intervals. Despite this short-coming, both data circuits

performed acceptably under all configurations. Average queuing delays were only

slightly higher than the static system with the System Underload workload. As

shown in Figures 4.38 and 4.42, the highest average queuing delays observed in this

loading level were 3.36 ms on the NIPRNET circuit and 3.51 ms on the SIPRNET cir-

cuit, respectively, using an 8192 bps allocation granularity and 5.0 second monitoring

period. This compares with the static system’s 3.01 and 3.15 ms averages. Average

NIPRNET circuit queuing delays were still less than 5.0 ms in the Data Overload

condition; as Figure 4.40 shows, the highest average queuing delay observed was

4.92 ms using an 8192 bps allocation granularity and 5.0 second monitoring period.

Average queuing delays on the remaining loading levels were higher as shown in

Figures 4.39, 4.41, and 4.43-4.45. Average NIPRNET circuit queuing delays were

lower than SIPRNET delays. Configurations with a 65536 bps allocation granularity

had average queuing delays less than 10.0 ms for all loading levels and monitoring

periods. The largest average queuing delay observed on the NIPRNET circuit was

12.30 ms, shown in Figure 4.39, using an 8192 bps allocation granularity and 5.0

second monitoring period. Average SIPRNET circuit queuing delays were as high

as 21.63 ms on the Voice and Data Overload (Figure 4.45), again using an 8192 bps

allocation granularity and 5.0 second monitoring period. This compares to a 5.91

ms average queuing delay on the static system. Delays this high are still acceptable,

however, since data traffic is not held to the same end-to-end delay standard as real-

time traffic. Furthermore, the highest offered load on the SIPRNET circuit in the

worst DBA-3 configuration still resulted in a 94.6% drop in queuing delay from the

static assignment TDM model.

Data circuit queuing delays tended to decrease as monitoring period increased,

but only slightly. Because the characteristics of the data traffic were the same over

any period of observation, observed queuing delays were similar for a given allocation
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Figure 4.38. NIPRNET Circuit Queuing Delay Comparison — System Underload

Figure 4.39. NIPRNET Circuit Queuing Delay Comparison — Voice Overload
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Figure 4.40. NIPRNET Circuit Queuing Delay Comparison — Data Overload

Figure 4.41. NIPRNET Circuit Queuing Delay Comparison — Voice and Data
Overload

4-39



Figure 4.42. SIPRNET Circuit Queuing Delay Comparison — System Underload

Figure 4.43. SIPRNET Circuit Queuing Delay Comparison — Voice Overload
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Figure 4.44. SIPRNET Circuit Queuing Delay Comparison — Data Overload

Figure 4.45. SIPRNET Circuit Queuing Delay Comparison — Voice and Data
Overload
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granularity irrespective of the length of the monitoring period. However, the longer

monitoring period resulted in fewer reallocations. This contributed to a more stable

system and, thus, lower queuing delays. Queuing delays were also lower when using

the 65536 bps allocation granularity. This result is also due to the stability of

the system created by the less frequent reallocations. The other two allocation

granularities tended to produce nearly identical results. This is mainly due to the

way allocations (and deallocations) were made to/from the voice circuit. A phone

call was defined to require 32768 bps of bandwidth. Therefore, bandwidth had to

be allocated to/from the voice circuit in granularities of this size regardless of the

bandwidth manager’s specified allocation granularity. This resulted in roughly the

same number of reallocations with the 8192 bps granularity as with the 32768 bps

granularity.

4.6.2.2.3 Voice Circuit. Queuing delays for the voice circuit

were much improved over that of previous models but higher than those observed on

the other circuits. As with the data circuits, though, all configuration and workload

combinations resulted in statistically higher queuing delays. Refer to Appendix B

for the 90% confidence intervals. Average DBA-3 queuing delays were lowest on the

System Underload workload as expected. Figure 4.46 shows that average voice circuit

queuing delays on the DBA-3 system at this loading level ranged from 23.10 ms

with a 65536 bps allocation granularity and 50.0 second monitoring period to 33.32

ms with an 8192 bps allocation granularity and 5.0 second monitoring period. By

comparison, average voice circuit queuing delays on the static system were 19.33 ms

at this loading level. Average queuing delays were much higher on the Data Overload

and Voice and Data Overload workloads as Figures 4.48 and 4.49 show. The lowest

average queuing delay observed on these workloads was 37.43 ms, using a 65536

bps allocation granularity and 50.0 second monitoring period. The highest average

queuing delay observed on these workloads was 61.60 ms using a 32768 bps allocation

granularity and 50.0 second monitoring period. While these queuing delays appear
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Figure 4.46. Voice Circuit Queuing Delay Comparison — System Underload

high, the reason for them lies once again in the circuit sequencing issue discussed in

Section 4.6.1.2. That section also discusses two ways to alleviate the problem, each of

which is a viable solution. Overall, the work conservation feature resulted in much

lower queuing delays for the voice circuit. Using the worst DBA-3 configuration

and the highest offered load, queuing delays were still 80.1% lower than that of the

static assignment TDM model. Furthermore, the best DBA-3 configuration could

still result in acceptable end-to-end delays based on the recommendation of [ITU96]

even with the circuit sequencing problem.

Average queuing delay trends based on allocation granularity were similar to

that observed on the data circuits. The rationale for these results is the same (cf.,

Section 4.6.2.2.2) since queuing delays are affected by the allocations made to/from

the voice circuit. Additionally, queuing delay tended to decrease as monitoring period

increased because the fewer reallocations produced a more stable environment for

the voice circuit. With the Voice and Data Overload workload, however, queuing

delay increased as monitoring period increased. This is most likely because of the

lack of responsiveness to voice circuit demands at such high loading and infrequent

update intervals. Average queuing delays are much lower at the 5.0 and 10.0 second
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Figure 4.47. Voice Circuit Queuing Delay Comparison — Voice Overload

Figure 4.48. Voice Circuit Queuing Delay Comparison — Data Overload
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Figure 4.49. Voice Circuit Queuing Delay Comparison — Voice and Data Overload

monitoring periods indicating a better system responsiveness at this higher loading

level.

4.6.2.2.4 Allocation of Variation. Workload was the single

biggest contributor to the observed queuing delay variation in all four circuits, rang-

ing from 96.97% on the video circuit down to 86.14% on the voice circuit as shown

in Tables 4.6 through 4.9. This result is not surprising. With the work conservation

feature employed, the number of potentially empty time slots that can be filled by

other circuits goes down as the offered load to each circuit increases resulting in

higher queuing delays.

Table 4.6. Voice Circuit Allocation of Variation using the DBA-3 Algorithm

Each circuit was only minimally affected by allocation granularity. The voice

circuit was affected the most with an observed variation of 6.67%. The reason for the

higher variation on the voice circuit is most likely because the voice circuit must be
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Table 4.7. Video Circuit Allocation of Variation using the DBA-3 Algorithm

Table 4.8. NIPRNET Circuit Allocation of Variation using the DBA-3 Algorithm

allocated in chunks of at least 32768 bps — the necessary bandwidth for one phone

call. Consequently, an 8192 bps allocation granularity did not benefit the voice

circuit like it did the other circuits resulting in higher queuing delays. Allocation

granularity only accounted for 2.76% and 2.90% of the observed variation on the two

respective data circuits and a statistically negligible amount on the video circuit.

These results indicate that, regardless of the DBA-3 configuration, queuing delay on

these circuits is affected very little by anything other than the offered load.

The voice circuit was also affected by the combination of workload and moni-

toring period. The observed variation for this combination was 4.63%. When moni-

toring period was long on all but the highest loading condition, it provided the voice

circuit a more stable environment since bandwidth reallocations weren’t occurring

as frequently. On the highest loading condition, the voice and data circuits were

both heavily loaded, which meant that the system wasn’t responding fast enough

to system dynamics with a 50.0 second monitoring period. However, monitoring

Table 4.9. SIPRNET Circuit Allocation of Variation using the DBA-3 Algorithm
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period did not account for much variation on its own — only 0.57% due to the cir-

cuit sequencing issue discussed in Section 4.6.1.2. As the workload increased, the

sequencing issue affected the number of “extra” time slots, which combined with the

stability provided by longer monitoring periods to produce this noticeable variation

in the data.

Monitoring period had a negligible effect on the observed variation of each cir-

cuit. In all but the video circuit’s case, the monitoring period explained only slightly

more of the variation than the unexplained. The monitoring period’s effect on the

video circuit was less than that of the unexplained variation. These results indicate

that since queuing delays have been judged acceptable under the DBA-3 algorithm,

any monitoring period between 5.0 and 50.0 seconds will result in acceptable queuing

delays for the system.

4.6.2.2.5 Best Configuration. The 65536 bps allocation granu-

larity and the 10.0 second monitoring period resulted in the lowest queuing delays

for the DBA-3 system. Figures 4.50 through 4.53 compare the queuing delays ex-

perienced by each circuit under each loading level for both the static and dynamic

allocation methods. The 65536 bps allocation granularity produced the lowest queu-

ing delays for the same reason as with the DBA-1 algorithm. The larger granularity

resulted in fewer reallocations which resulted in fewer input buffer backups. Refer to

Section 4.4.2.5 for more detail. The 10.0 second monitoring period performed bet-

ter than the 5.0 and 50.0 second periods for opposite reasons. It performed better

than the 50.0 second monitoring period because the 50.0 second period could not

react fast enough to the dynamics of the system. The 50.0 second period reacted

much slower to a sudden increase in workload for a particular circuit, which caused

increased queuing delays. The 5.0 second period, on the other hand, resulted in too

many reallocations. Therefore the system could not stabilize as much as with the

10.0 second monitoring period. This result is different from that using the DBA-1

algorithm, which produced the lowest queuing delays with the 5.0 second monitoring
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Figure 4.50. Comparison of Static and DBA-3 Queuing Delays — System Under-
load

period. The reason is due to the addition of the work conservation feature. Using

the DBA-1 algorithm, it was important for the system to reallocate as often as pos-

sible to prevent input buffer back-up. With the work conservation feature employed,

however, the system could almost always draw from potentially unused time slots to

help keep queuing delay low. Therefore, the bandwidth manager does not have to

reallocate as often resulting in a more stable system.

4.6.2.2.6 Data Traffic Analysis. The use of the exponential

distribution to model inter-arrival times of data frames yields comparable results

for “generic” bursty data models (cf., Section 4.4.3). To analyze data traffic per-

formance more completely, however, performance must be judged across a range of

burstiness “shapes”. This is easily done using the Pareto distribution. Therefore, the

NIPRNET and SIPRNET circuits submitted offered loads with Pareto inter-arrivals

and shape parameter values between 1.1 and 1.9. This range was chosen because

the variance for the Pareto distribution is infinite between 1.0 and 2.0 [Jai91]. As

Figures 4.54 and 4.55 show, observed mean queuing delays on all workloads are close

to that observed using exponential inter-arrivals with the exception of parameter
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Figure 4.51. Comparison of Static and DBA-3 Queuing Delays — Voice Overload

Figure 4.52. Comparison of Static and DBA-3 Queuing Delays — Data Overload
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Figure 4.53. Comparison of Static and DBA-3 Queuing Delays — Voice and Data
Overload

value of 1.1. The largest mean difference observed on shape values other than 1.1

was 1.38 ms on the NIPRNET circuit and 8.94 ms on the SIPRNET circuit with a

Voice and Data Overload workload.

The higher queuing delays observed using a shape value of 1.1 are caused by

the much wider variation of inter-arrival times at this value. Higher variation in the

inter-arrival times results in more adjustments by the bandwidth manager, which

results in higher queuing delays due to increased jitter. Although the mean queuing

delays are higher for this shape value, queuing delays were still reasonable for data

traffic. The largest mean queuing delay observed at 90% confidence was 16.21 ms

on the NIPRNET circuit and 33.03 ms on the SIPRNET circuit with a Voice and

Data Overload workload. This compares to mean queuing delays of 8.89 ms and

16.21 ms on the two respective data circuits using exponential inter-arrivals. Refer

to Appendix B for observed values and confidence intervals.

4.6.3 Overall Assessment of the DBA-3 Algorithm. Classic queuing theory

states that utilization and delay are opposing metrics [Jai91, SAH94]. In other words,

at some point one metric must be sacrificed to produce significantly better results
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Figure 4.54. Comparison of NIPRNET Circuit Queuing Delays Based on Burst
Shape

Figure 4.55. Comparison of SIPRNET Circuit Queuing Delays Based on Burst
Shape
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in the other. Unfortunately, utilization is usually sacrificed to keep delay low to

allow networks to support real-time traffic such as voice or video. Such is the case

with dynamic bandwidth allocation. Therefore, the best overall configuration of the

DBA-3 algorithm consists of the 65536 bps allocation granularity and 10.0 second

monitoring period. This configuration was chosen over the 32768 bps granularity

and 5.0 second monitoring period because average utilization across all workloads

was only 1.5% lower and queuing delay was the lowest of all configurations.

Under the chosen configuration and all submitted workloads, queuing delay

was low enough to meet the accepted delay requirement for real-time traffic and uti-

lization was increased significantly over that of the static model. Therefore the static

and dynamic systems were then subjected to approximately 70%, 85%, and 99% of

capacity offered loads to determine how they performed under extreme conditions.

In all cases, both systems’ aggregate utilizations were only negligibly different from

that submitted to it.

Queuing delays increased dramatically starting at the 70% loading level for

both systems as shown in Figures 4.56 through 4.59. The queuing delay increases

much faster in the dynamic system because the algorithm is still adjusting the band-

width where possible, but minor changes in circuit activity have much more drastic

effects at higher loading levels. The queuing delay increase tapers off after the 85%

level (and in some cases decreases) because the system is much closer to being on

continuously (i.e., having very few time slots available for reallocation).

The system can still operate at this level, however, assuming no other conges-

tion is encountered on the path from source to destination. Except for the voice

circuit, the worst average queuing delay observed using DBA-3 was 106.9 ms on

the SIPRNET circuit at 99% loading, shown in Figure 4.59. If other nodes are ex-

periencing similar congestion, however, real-time traffic would probably experience

unacceptable delay. Figure 4.56 shows that the sequencing problem created delays as

large as 384 ms on the voice circuit. However, implementing one of the two solutions
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Figure 4.56. Comparison of Static and DBA-3 Queuing Delays on the Voice Circuit

Figure 4.57. Comparison of Static and DBA-3 Queuing Delays on the Video Cir-
cuit
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Figure 4.58. Comparison of Static and DBA-3 Queuing Delays on the NIPRNET
Circuit

Figure 4.59. Comparison of Static and DBA-3 Queuing Delays on the SIPRNET
Circuit

4-54



described in Section 4.6.1.2 should mitigate this excessive queuing delay, bringing it

to an acceptable level. Furthermore, extreme loading conditions such as these should

rarely occur. The Voice and Data Overload represented heavy loading of voice and

data circuits but extremely low loading of the video circuit. This assumes that a

video teleconferencing circuit is rarely used more than an hour per day in a tactical

military environment. This usage level must reverse itself (i.e., rarely inactive for

more than an hour per day) in order for near capacity loading levels to be observed.

Second, the offered load on the voice circuit ceases to represent normal voice com-

munication as observed in [CPR96] above the 70% loading level. Therefore it is

reasonable to assume that extreme loading conditions such as these could only oc-

cur for a short period of time, which should only minimally disrupt communications

traffic by increasing delay. Under the chosen configuration, then, the DBA algorithm

with CBR priority and work conservation (DBA-3) keeps queuing delay sufficiently

low while significantly increasing aggregate utilization.

4.7 Chapter Summary

This chapter described the implementation of the dynamic bandwidth alloca-

tion (DBA) algorithm in a TDM system. It further provided the DBA simulation

results and compared DBA performance to the static allocation method. The DBA-1

algorithm did significantly increase utilization compared to the static system, but

queuing delay was too excessive to support real-time traffic under moderate to high

loading conditions. A CBR priority feature was then added to the algorithm (DBA-2)

to lower queuing delays on the video circuit. While the queuing delays did decrease,

it was determined that even static allocation queuing delays would be too excessive

for real-time traffic when considering end-to-end delay. Therefore a work conserva-

tion feature was added (DBA-3) to both the static and dynamic allocation methods.

This resulted in much lower queuing delays for both systems without decreasing the

utilization gains achieved by the DBA-1 algorithm. Queuing delays for the DBA-3
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algorithm were consistently higher than that of the static system but still produced

results capable of supporting real-time traffic even under extreme workloads. The fi-

nal conclusion is that the DBA-3 system achieves higher utilizations under all offered

loads while keeping queuing delay sufficiently low.
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V. Conclusions and Recommendations

This chapter summarizes the research presented in the first four chapters. First, an

overview of the problem is presented. Then, the algorithm is described including a

summary of previous research and the modifications yielding an improved solution.

Conclusions are drawn based on results of the experiments. Finally, the chapter

concludes with recommendations for future research.

5.1 The Problem

Military communications networks typically employ a gateway multiplexer to

aggregate all communications traffic onto a single link. These multiplexers typically

allocate bandwidth statically using TDM. When a high-bandwidth circuit, e.g., a

VTC circuit, is relatively inactive, a considerable portion of the bandwidth is wasted.

Dynamic bandwidth allocation reclaims unused bandwidth from circuits with low

utilization and reallocates it to a circuit with high utilization without adversely

affecting queuing delay.

5.2 Results

The proposed DBA algorithm produced outstanding results. Average utiliza-

tion gains were as high as 19.95% and most configurations produced queuing delays

acceptable for real-time traffic despite the 50% increase over static system queuing

delays. In order to meet acceptable delay requirements described in [ITU96], two

important features were incorporated into the DBA algorithm. First, because of the

low loading levels and high bandwidth requirements, the algorithm immediately al-

locates the necessary number of time slots to the video circuit upon arrival of a video

frame. Second, because static assignment TDM results in many unused time slots

which cause high queuing delays, a work conservation feature is incorporated. This

feature allows waiting frames from other circuits to be inserted in empty time slots.
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The combination of these features was shown to drastically reduce queuing delays.

In fact, queuing delays were up to two orders of magnitude lower than with the DBA

algorithm without these two features. However, the voice and data circuits’ queuing

delays were statistically higher than the static system under all configurations and

loading levels. The video circuit’s queuing delays were only statistically higher on

the Voice Overload and Voice and Data Overload workloads. Because the DBA algo-

rithm’s work conservation feature decreased queuing delays so dramatically, however,

end-to-end delays would still be acceptable using the DBA algorithm. The system

was also tested under extreme loading conditions. While queuing delay results were

not impressive, end-to-end delay would probably still be within accepted limits. Uti-

lization was unhindered by the introduction of the work conservation feature because

only empty time slots were reallocated to other circuits.

Based on simulation results, the system performed best with a 65536 bps al-

location granularity and 10.0 second monitoring period. This configuration mini-

mized queuing delays while still achieving high utilization gains. Monitoring periods

shorter than 10.0 seconds caused too many reallocations and created jitter. For pe-

riods longer than 10.0 seconds, the algorithm reacted too slowly to system dynamics

causing excessive buffer sizes and queuing delays. Allocation granularity should be

high to minimize the number of reallocations. Fewer reallocations result in more

system stability, smaller buffer sizes, and lower queuing delays. Utilization was con-

sistent under all configurations since monitoring period and allocation granularity

account for less than 1% of the observed variation.

5.3 Conclusions

By including the CBR priority and work conservation features, the proposed

DBA algorithm outperforms the static allocation model in all cases. By using DBA,

tactical military communications networks can bring information to the warfighter

more efficiently and in a shorter time in spite of small satellite bandwidths allocated

5-2



to deployed sites. The proposed algorithm delivers acceptable queuing delays inde-

pendent of the traffic characteristics. Real-time applications such as voice or video

perform well enough to meet accepted end-to-end delay standards and data applica-

tions suffer reasonable queuing delays independent of the burstiness of arrivals. The

proposed DBA algorithm now supports heterogeneous permanent circuits on a TDM

platform — the typical model for the military’s tactical communications networks.

Furthermore, the algorithm can be completely implemented in software with little

or no additional hardware significantly reducing implementation costs. The algo-

rithm is general enough to be applied to multiple TDM platforms, including NET’s

Promina — the military’s primary gateway multiplexer. Additionally, the algorithm

is robust enough to function at any speed making it a viable option for high-speed

multiplexers. The proposed DBA algorithm is a powerful tool for optimizing use of

available communications network resources.

5.4 Recommendations

Although the developed DBA algorithm is robust and powerful, it is not with-

out limitations or questions to be answered. First, and most important, it is unknown

how much delay is caused by the algorithm’s calculations. The simulation tool used,

OPNET Modeler [OPN01], uses state-transition diagrams to describe a process or

model. All processing done during the entrance/exit to/from a state occurs while the

simulation clock is stopped. It is unlikely that the instantaneous utilization calcu-

lations and subsequent reallocations cause undue delay, but this assumption should

be verified.

Second, the circuit sequencing issue described in Section 4.6.1.2 should be re-

solved. Two solutions were presented — prioritizing the circuits so that real-time

traffic has a higher priority on unused time slots and randomly selecting a circuit to

fill an unused time slot. It was shown in Chapter 4 that the system produced accept-

able delays, but resolving the circuit sequencing issue should reduce queuing delays,
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yielding even better performance. It is also unknown which proposed solution would

work best. For instance, if there were multiple voice circuits, the proposed circuit

prioritization might not provide optimal results. Conversely, randomly choosing a

circuit to fill an unused time slot might result in excessive delay due to processing

overhead.

Third, since military communications networks’ gateway multiplexer function

is performed by NET’s Promina, a more accurate model of this system is needed.

Currently available literature on the Promina leaves many questions unanswered.

For example, the framing format and size are unknown which affects the service rate

of the system. The frame’s header format is also unknown which means that it is

unknown whether each frame carries a circuit identifier. If it does not, then this DBA

algorithm may not be feasible for this platform without a fundamental modification

to the system. Input buffer sizes are also unknown, which affect both queuing delay

and frame loss rate. These issues would need to be addressed before judgment can

be made on the viability of porting this algorithm to this platform at a low cost.

Finally, the system boundary for this study contained only a single multiplexer.

Thus delivery rates, coordination of bandwidth reallocation between adjacent nodes,

and end-to-end delay were not addressed. Further research should be done to de-

termine whether end-to-end delay in a communications network including a satellite

connection is acceptable while employing this DBA algorithm.

5.5 Chapter Summary

This chapter summarized the research into dynamic bandwidth allocation in

a TDM environment. Based on the results of the study, it was concluded that this

algorithm can greatly optimize the use of limited bandwidth for a low upgrade cost.

Recommendations for future work were also provided, which, if explored, would

produce an algorithm more powerful and robust than this one has already proven to

be.
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Appendix A. Model Verification and Validation

A.1 Time-Division Multiplexing Scheme

Time-Division Multiplexing (TDM) is a method of aggregating information

from one or more user circuits onto a single aggregate link. Using TDM, each circuit

is allocated a specific amount of the aggregate link’s bandwidth and each circuit’s

allocation is divided into one or more time slots. When a circuit’s assigned time slot

occurs, the multiplexer forwards a packet if one is available and goes empty if not.

In the model employed in this study, each time slot was capable of servicing one

4096-bit packet and each circuit’s time slots were allocated contiguously (i.e., all of

Circuit 0’s time slots occur, then all of Circuit 1’s, etc.).

A.2 Static Allocation Validation

A.2.1 1 Circuit.

A.2.1.1 Workload and Utilization. The circuit was configured with

the parameter values given in Table A.1. As Figure A.1 shows, with only one circuit,

instantaneous utilization was at 100% during the ON period and 0% during the OFF

period, as expected.

A.2.1.2 Queuing Delay. A synchronous time-division multiplexer

with 1 Circuit acts like a D/D/1 queue with an arrival rate of λ = 16384 bps = 4

Table A.1. Single Circuit Parameter Values
Parameter Value

Circuit Type ON/OFF Source
ON Period Distribution Constant
ON Period Duration 1800 sec
OFF Period Distribution Constant
OFF Period Duration 1800 sec
Data Rate 16384 bps
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Figure A.1. Single Circuit Utilization — Static Allocation Method

pps and a service rate of µ = 16384 bps = 4 pps. This yields an expected utilization

of

ρ =
λ

µ
=
4

4
= 1 (A.1)

where ρ is the utilization. The expected number in service, nsvc, is

E(nsvc) = ρ = 1. (A.2)

Because of the synchronous nature of the system, a new packet arrives as one finishes

service. Therefore, E(nq) = 0 and E(w) = 0, where E(nq) is the expected number in

the queue, and E(w) is the expected waiting time. The expected service time, E(s),

and time in system, E(r), are

E(s) =
1

µ
= 0.25 sec (A.3)
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Figure A.2. Single Circuit Queuing Delay — Static Allocation Method

Table A.2. Two-Circuit Configuration Parameter Values
Circuit 0 Circuit 1

Parameter Value Parameter Value

Circuit Type ON/OFF Source Circuit Type ON/OFF Source
ON Period Distribution Constant ON Period Distribution Constant
ON Period Duration 2400 sec ON Period Duration 1800 sec
OFF Period Distribution Constant OFF Period Distribution Constant
OFF Period Duration 1200 sec OFF Period Duration 1800 sec
Data Rate 16384 bps Data Rate 16384 bps

E(r) = E(w) + E(s) = 0 + 0.25 = 0.25 sec for 1 circuit (A.4)

This result matches exactly the results obtained via simulation (see Figure A.2).

A.2.2 2 Circuits.

A.2.2.1 Workload. The circuits were configured with the parameter

values given in Table A.2. This resulted in the offered load shown in Figure A.3.
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Figure A.3. Two-Circuit Configuration Workload — Static Allocation Method
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Figure A.4. Two-Circuit Configuration Utilization — Static Allocation Method

Figure A.5. Two-Circuit Configuration Time Slot Allocation — Static Allocation
Method

A.2.2.2 Utilization. As expected, instantaneous utilization was at

50% when Circuit 0 was the only active circuit, 100% when both circuits were active,

and 0% when neither circuit was active. Figure A.4 confirms these results.

A.2.2.3 Queuing Delay. Figure A.5 depicts the packet arrivals and

time slot allocations for the first and subsequent TDM iterations. It also depicts the

packet servicing of the first TDM iteration. If λ = 8 pps and µ = 8 pps, then the

expected service time is as shown in Equation A.5.

E(s) =
1

µ
= 0.125 sec (A.5)
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A.2.2.3.1 Packet Arrivals. Each circuit’s arrival rate is 4 pps,

yielding an aggregate arrival rate of 4 * 2 = 8 pps. Packets arrive synchronously and

two will arrive (one from each circuit) every 0.25 sec. Each arriving packet will be

queued up in a subqueue designated for that circuit until it can be serviced. Thus,

two packets arrive at times 0, 0.25, 0.50, 0.75, 1.0, etc. In the diagram above, these

packet arrivals are designated by the convention Pkt Ckt# - Pkt#. For example,

Pkt 0-1 represents the first packet arriving on Circuit 0 in a particular iteration,

whether t = 0.0 or t = 1.0. Thus, the fifth packet to arrive from t = 0.0 will also be

designated as Pkt 0-1.

A.2.2.3.2 Packet Servicing. Each circuit’s data rate is 16384

bps or 4 pps. Therefore each circuit will be allotted four time slots per second.

These are allocated contiguously, as shown in Figure A.5. At t = 0, Pkt 0-1, which

has just arrived, can be serviced immediately. This results in a waiting time of 0 sec.

Since the service time is 0.125 sec, the total time in system for Pkt 0-1 is 0 + 0.125

= 0.125 sec. At t = 0.125, Circuit 0 has no packets queued up so the time slot goes

empty. At t = 0.25, Pkt 0-2, which has just arrived, can be serviced immediately.

Like Pkt 0-1, this results in a total time in system of 0.125 sec. At t = 0.375, Circuit

0 has no packets queued up so the time slot goes empty.

Time t = 0.5 starts Circuit 1’s time slot allocations. Circuit 1 has three packets

queued up at this point (Pkts 1-1, 1-2, and the just-arrived 1-3). Pkt 1-1 is serviced

at this time since it is at the head of the queue. This results in a waiting time of

0.125 sec * 4 time slots = 0.5 sec and a service time of 0.125 sec. The resulting total

time in system is 0.625 sec. At t = 0.625, Pkt 1-2 is serviced. It’s waiting time is

0.125 sec * 3 time slots = 0.375 sec. This results in a total time in system of 0.5 sec.

At t = 0.75, Pkt 1-3 is serviced. Its waiting time is 0.125 sec * 2 time slots = 0.25

sec. The total time in system is 0.375. Finally, Pkt 1-4 is serviced at t = 0.875. Its

waiting time is 0.125 sec * 1 time slot and its total time in system is 0.25 sec.
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Table A.3. Two-Circuit Configuration Parameter Values
Circuit 0 Circuits 1-4

Parameter Value Parameter Value

Circuit Type ON/OFF Source Circuit Type ON/OFF Source
ON Period Distribution Constant ON Period Distribution Constant
ON Period Duration 2400 sec ON Period Duration 1800 sec
OFF Period Distribution Constant OFF Period Distribution Constant
OFF Period Duration 1200 sec OFF Period Duration 1800 sec
Data Rate 16384 bps Data Rate 16384 bps

At this point, the first iteration of time slots has passed. However, Pkts 0-3

and 0-4 have not been serviced. On the next iteration, these packets will be serviced

at times 1.0 and 1.125, respectively. Their waiting times are 0.5 sec and 0.375 sec,

respectively, resulting in total times in system of 0.625 and 0.5 sec. At t = 0.25, Pkt

0-1 is serviced, followed by Pkt 0-2 at t = 0.375. Their subsequent waiting times

are 0.25 and 0.125 sec, with total times in service of 0.375 and 0.25 sec, respectively.

Pkts 1-1 through 1-4 will be serviced in the same time slots as the last iteration

and will have the same total times in system. The average total time in system for

Circuits 0 and 1 is the average of each circuit and each packet’s delays over time.

For the two-circuit configuration, each circuit’s average time in system is 0.4375 sec.

This result matches exactly the results obtained via simulation as shown in Figure

A.6.

A.2.3 5 Circuits.

A.2.3.1 Workload. The circuits were configured with the parameter

values given in Table A.3. This resulted in the offered load shown in Figure A.7.

A.2.3.2 Utilization. As expected, instantaneous utilization was at

20% when Circuit 0 was the only active circuit, 100% when all circuits were active,

and 0% when zero circuits were active. Figure A.8 confirms these results.
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Figure A.6. Two-Circuit Configuration Queuing Delay — Static Allocation
Method
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Figure A.7. Five-Circuit Configuration Workload — Static Allocation Method
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Figure A.8. Five-Circuit Configuration Utilization — Static Allocation Method

Figure A.9. Five-Circuit Configuration Time Slot Allocation — Static Allocation
Method

A.2.3.3 Queuing Delay. Figure A.9 shows the packet arrivals and

time slot allocations for the first and subsequent TDM iterations. It also depicts the

packet servicing of the first TDM iteration. If λ = 20 pps and µ = 20 pps, then the

expected service time is as shown in Equation A.6.

E(s) =
1

µ
= 0.05 sec (A.6)

A.2.3.3.1 Packet Arrivals. Each circuit’s arrival rate is 4 pps,

yielding an aggregate arrival rate of 4 * 5 = 20 pps. Packets arrive synchronously

and five will arrive (one from each circuit) every 0.25 sec. Like the two-circuit con-

figuration, each arriving packet will be queued up in its respective circuit’s subqueue

until it can be serviced. Thus, five packets arrive at times 0, 0.25, 0.50, 0.75, 1.0,
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etc. In the diagram above, packet arrivals are designated by the same convention as

that given Section A.2.2.3.1 (i.e. Pkt Ckt#-Pkt#).

A.2.3.3.2 Packet Servicing. Like the two circuit-configuration,

each circuit is allotted 4 pps, yielding four contiguous time slots per second, as shown

in the diagram above. At t = 0, Pkt 0-1, which has just arrived, can be serviced

immediately. This results in a waiting time of 0 sec. Since the service time is 0.05

sec, the total time in system for Pkt 0-1 is 0 + 0.05 = 0.05 sec. At times 0.05, 0.10,

and 0.15, Circuit 0 has no packets queued up so the remaining three time slots go

empty.

Time t = 0.20 starts Circuit 1’s time slot allocations. Circuit 1 has one packet

queued up at this point (Pkt 1-1). It is serviced at this time. This results in a

waiting time of 0.05 sec * 4 time slots = 0.20 sec and a service time of 0.05 sec. The

resulting total time in system is 0.25 sec. At t = 0.25, the just-arrived Pkt 1-2 can

be serviced immediately, resulting in a zero wait time and a total time in system of

0.05 sec. At times 0.30 and 0.35, there are no packets queued up for Circuit 1 so the

remaining two time slots go empty.

Time t = 0.40 starts Circuit 2’s time slot allocations. Circuit 2 has two packets

queued up at this point (Pkts 2-1 and 2-2). These two packets are serviced in turn,

resulting in respective waiting times of 0.40 sec and 0.20 sec and respective total

times in system of 0.45 sec and 0.25 sec. At t = 0.50, the just-arrived Pkt 2-3 is

serviced yielding a total time in system of 0.05 sec. Circuit 2’s final time slot goes

empty because the queue has been emptied.

At t = 0.60, Circuit 3’s time slot allocations start. Circuit 3 has three packets

queued up at this time and they are serviced in turn. Their respective waiting times

are 0.60 sec, 0.45 sec, and 0.20 sec. The total times in system are 0.65 sec, 0.50

sec, and 0.25 sec, respectively. At t = 0.75, the just-arrived Pkt 3-4 can be serviced

immediately, resulting in a total time in system of 0.05 sec.
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Circuit 4’s time slots begin at t = 0.80. At this point, there are four packets

queued up, so each of them are serviced in turn. This results in waiting times of

0.80 sec, 0.60 sec, 0.40 sec, and 0.20 sec, respectively, and total times in system of

0.85 sec, 0.65 sec, 0.45 sec, and 0.25 sec, respectively.

At this point, the first iteration of time slots has passed. However, Circuit 0

now has three packets queued up, Circuit 1 has two, and Circuit 2 has one. On the

next iteration, Circuit 0’s three queued-up packets (Pkts 0-2, 0-3, and 0-4) will be

serviced at times 1.0, 1.05, and 1.10. Their waiting times are 0.75 sec, 0.55 sec, and

0.35 sec, respectively, resulting in total times in system of 0.80 sec, 0.60 sec, and 0.40

sec. At time 0.15, Pkt 0-1 is serviced. Its subsequent waiting time is 0.15 sec with a

total time in system of 0.20 sec. Pkts 1-3 and 1-4 will be serviced at times 0.20 and

0.25. These packets will have waiting times of 0.70 sec and 0.50 sec, respectively,

and total times in system of 0.75 sec and 0.55 sec. Pkt 2-4 will be serviced at t =

0.40. Its waiting time is 0.65 sec and its total time in system is 0.70 sec. Pkts 2-1

through 2-3 will be serviced next. Their waiting times are 0.45 sec, 0.20 sec, and

0.05 sec, with total times in system of 0.50 sec, 0.25 sec, and 0.10 sec. Pkts 4-1

through 4-4 will be serviced in the same time slots as the last iteration and will have

the same total times in system. The average total time in system for each circuit is

the average of each circuit and each packet’s delays over time. For the five-circuit

configuration, Circuit 0 through 4’s respective average times in system are 0.50 sec,

0.45 sec, 0.40 sec, 0.35 sec, and 0.55 sec. This result matches exactly the results

obtained via simulation as shown in Figure A.10.

A.3 Dynamic Bandwidth Allocation Validation

A.3.1 1 Circuit.

A.3.1.1 Workload and Utilization. The circuit was configured with

the same parameter values as the one-circuit configuration of the static system.

A-12



Figure A.10. Five-Circuit Configuration Queuing Delay — Static Allocation
Method
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Figure A.11. Single Circuit Utilization — DBA Method

These values were given in Table A.1. As Figure A.11 shows, with only one circuit,

instantaneous utilization was at 100% during the ON period and 0% during the OFF

period, as expected.

A.3.1.2 Queuing Delay. Since only one circuit is connected to the

mux, the system should perform exactly as the static allocation model does. Refer

Section A.2.1.2 above for detailed analysis. Simulation results for this configuration

match exactly that of the static allocation model (see Figure A.12).

A.3.2 2 Circuits.

A.3.2.1 Workload and Utilization. The circuits were configured with

the same parameter values as the two-circuit configuration of the static system (see

Table A.2). Additionally, the following assumptions were used to validate the model

against the theoretical model:

• Reallocation occurs instantaneously (i.e. whenever bandwidth becomes avail-

able, it is allocated instantly). Monitoring Period is of length zero.
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Figure A.12. Single Circuit Queuing Delay — DBA Method

• Minimum Bandwidth Level: 8192 bps

The resulting offered load and utilization are shown in Figures A.13 and A.14.

At t = 0, the instantaneous utilization is 0%, as expected. At t = 1200, the instanta-

neous utilization is initially 50% because Circuit 0 is allocated half of the bandwidth.

Immediately, Circuit 0 is allocated all but 8192 bps of Circuit 1’s bandwidth, result-

ing in a new data rate of 24576 bps for Circuit 0. Instantaneous utilization at this

point becomes 75% since Circuit 0 takes advantage of the increased bandwidth and

Circuit 1 is still idle. At t = 1800, Circuit 1 becomes active and instantaneous uti-

lization increases to 100%. Immediately, Circuit 0 reduces its bandwidth and data

rate from 24576 bps to 16384 bps while Circuit 1 increases its bandwidth from 8192

bps to 16384 bps. Instantaneous utilization remains at 100% until the off period at

t = 3600.

A.3.2.2 Queuing Delay. Using the workload described above with

dynamic allocation, there are four possible states the system could be in, which could

affect queuing delay. Three of these will be discussed in turn. The fourth occurs

when neither circuit is transmitting, resulting in a zero queuing delay.
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Figure A.13. Two-Circuit Configuration Workload — DBA Method

Figure A.14. Two-Circuit Configuration Utilization — DBA Method
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Figure A.15. Two-Circuit Configuration Time Slot Allocation — DBA Method

Circuit 0 On, Circuit 1 Off, Before Reallocation: When Circuit 0 initially be-

comes active, the bandwidth allocations are at the originally assigned levels. There-

fore, the expected total time in system will be the same as that shown under the

static model: 0.4375 sec. Note that Circuit 1’s queuing delay should be zero since

it is inactive at that time. It should also be noted that, under the assumption of

instantaneous reallocation, this delay level would not be seen since the reallocation

would occur as soon as this condition occurred.

Circuit 0 On, Circuit 1 Off, After Reallocation: Figure A.15 depicts the packet

arrivals and time slot allocations for the first and subsequent TDM iterations in this

configuration. It also depicts the packet servicing of the first TDM iteration. Once

bandwidth is reallocated to 24576 bps and 8192 bps for Circuit 0 and 1, respectively,

the time slot allocations will be as shown in the figure. If λ = 6 pps and µ = 8 pps,

then the expected service time is as shown in Equation A.7.

E(s) =
1

µ
= 0.125 sec (A.7)

A.3.2.2.1 Packet Arrivals. Circuit 0’s arrival rate is 6 pps;

Circuit 1 is idle. Therefore, the aggregate arrival rate is 6 pps. Packets arrive

synchronously and one will arrive every 1/6 of a second. Each arriving packet will

be queued up in Circuit 0’s subqueue until it can be serviced. In the diagram

above, these packet arrivals are designated by the convention Pkt Ckt# - Pkt#.

For example, Pkt 0-1 represents the first packet arriving on Circuit 0 in a particular
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iteration, whether t = 0.0 or t = 1.0. Thus, the seventh packet to arrive from t =

0.0 will also be designated as Pkt 0-1.

A.3.2.2.2 Packet Servicing. Circuit 0’s data rate under this

configuration is 24576 bps or 6 pps. Therefore, it will be allotted six time slots per

second. These are allocated contiguously, as shown in the diagram. At t = 0, Pkt

0-1, which has just arrived, can be serviced immediately. This results in a waiting

time of zero sec. Since the service time is 0.125 sec, the total time in system for Pkt

0-1 is 0 + 0.125 = 0.125 sec. At t = 0.125, there are no packets in the queue, so

the slot goes empty. At t = 0.25, the recently-arrived Pkt 0-2 can be serviced. It’s

waiting time is 0.0833 sec yielding a total time in system of 0.0833 sec + 0.125 sec

= 0.2083 sec. Pkt 0-3 is serviced at t = 0.375. Its waiting time and total time in

system are 0.0417 sec and 0.1667 sec, respectively. At t = 0.5, the just-arrived Pkt

0-4 is serviced. Since its waiting time is zero, its total time in system is 0.125 sec.

The time slot at t = 0.625 goes empty because there are no more packets queued

up. Finally, the time slots at times 0.75 and 0.875 go empty because Circuit 1 is

inactive.

At this point, the first iteration of time slots has passed. However, Pkts 0-5

and 0-6 have not been serviced. On the next iteration, these packets will be serviced

at times 1.0 and 1.125, respectively. Their waiting times are 0.3333 sec and 0.2917

sec, respectively. The resulting total times in system are 0.4583 and 0.4167 sec,

respectively. Pkts 0-1 through 0-4 will then be serviced in the next four time slots.

The average total time in system for each packet will be 0.354 sec.

Circuit 0 On, Circuit 1 On, After Reallocation: At t = 1800, Circuit 1

becomes active and begins transmitting at 16384 bps. Circuit 1 will only be able

to transmit half of the arriving packets during each second, however, since its slot

allocation has been cut in half. Therefore, queuing delay will increase without bound

as long as its assigned bandwidth is only 8192 bps. Since the theoretical model
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assumes instantaneous reallocation, though, this problem will never occur. Steady

state queuing delays will be 0.4375 sec, the same as with the static allocation model.

A.3.2.3 Effect of Monitoring Period. The theoretical model assumes

that the monitoring period has been reduced to zero. Thus the queue is always

servicing packets at the same rate they arrive. However, this assumption does not

hold in practice. The monitoring period allows time to determine a more accurate

measure of the instantaneous utilization. If bandwidth needs to be adjusted to

allow circuits to reclaim bandwidth that was originally allocated to them, however,

the queue size will increase linearly until the circuit’s bandwidth is restored to its

requested peak rate. Therefore, as Figure A.16 shows, observed queuing delays were

much higher than that determined in the previous section.

A.3.3 5 Circuits.

A.3.3.1 Workload and Utilization. The circuits were configured with

the same parameter values as the five-circuit configuration of the static system (see

Table A.3). Additionally, the same assumptions were used to validate the model

against the theoretical model as were given in Section A.3.2.1. The resulting offered

load and utilization are shown in Figures A.17 and A.18. At t = 0, the instantaneous

utilization is 0%, as expected. At t = 1200, the instantaneous utilization is initially

20% because Circuit 0 is allocated one-fifth of the bandwidth. Immediately, Circuit

0 is allocated all but 8192 bps of each of the remaining circuits’ bandwidth, up to

twice its originally assigned bandwidth. This results in a new data rate of 32768 bps

for Circuit 0. Utilization at this point becomes 40% since Circuit 0 takes advantage

of the increased bandwidth and Circuits 1-4 are still idle. At t = 1800, Circuits

1-4 become active and instantaneous utilization increases to 100%. Immediately,

Circuit 0 reduces its bandwidth and data rate from 32768 bps to 16384 bps while
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Figure A.16. Two-Circuit Configuration Queuing Delay — DBA Method
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the remaining circuits reset their bandwidths to 16384 bps. Instantaneous utilization

remains at 100% until the off period at t = 3600.

A.3.3.2 Queuing Delay. Using the workload described above with

dynamic allocation, there are four possible states the system could be in, which could

affect queuing delay. Three of these will be discussed in turn. The fourth occurs

when neither circuit is transmitting, resulting in a zero queuing delay.

Circuit 0 On, Circuits 1-4 Off, Before Reallocation: When Circuit 0 ini-

tially becomes active, the bandwidth allocations are at the originally assigned levels.

Therefore, the expected queuing delay will be the same as that shown under the

static model: 0.5 sec. Note that the remaining circuits’ queuing delays should be

zero since they are inactive at that time. It should also be noted that, under the

assumption of instantaneous reallocation, this delay level would not be seen.

Circuit 0 On, Circuits 1-4 Off, After Reallocation: Figure A.19 depicts the

packet arrivals and time slot allocations for the first and subsequent TDM iterations

in this configuration. It also depicts the packet servicing of the first TDM iteration.

Once bandwidth is reallocated to 32768 bps for Circuit 0 and 8192 bps for Circuits

1 and 2, the time slot allocations will be as shown in the figure. If λ = 8 pps and µ

= 20 pps, then the expected service time is as shown in Equation A.8.

E(s) =
1

µ
= 0.05 sec (A.8)

A.3.3.2.1 Packet Arrivals. Circuit 0’s arrival rate is 8 pps; Cir-

cuits 1-4 are idle. Therefore, the aggregate arrival rate is 8 pps. Packets arrive syn-

chronously and one will arrive every 0.125 sec. Each arriving packet will be queued

up in Circuit 0’s subqueue until it can be serviced. In the diagram above, packet

arrivals are designated by the same convention as that given in Section A.3.2.2.1 (i.e.

Pkt Ckt#-Pkt#).
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Figure A.17. Five-Circuit Configuration Workload — DBA Method
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Figure A.18. Five-Circuit Configuration Utilization — DBA Method

Figure A.19. Five-Circuit Configuration Time Slot Allocation — DBA Method
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A.3.3.2.2 Packet Servicing. Circuit 0’s data rate under this

configuration is 32768 bps or 8 pps. Therefore, it will be allotted eight time slots

per second. These are allocated contiguously as shown in the diagram above. At t

= 0, Pkt 0-1, which has just arrived, can be serviced immediately. This results in a

waiting time of zero seconds and a total time in system of 0 sec + 0.05 sec = 0.05 sec.

The time slots at times 0.05 and 0.10 go empty because there are no new packets

queued up. However, Pkt 0-2 is serviced at t = 0.15. Its waiting time is 0.025 sec

yielding a total time in system of 0.075 sec. The time slot at t = 0.20 goes empty

since no new packets have arrived. At t = 0.25, Pkt 0-3, which has just arrived can

be serviced immediately. Therefore, its total time in system is 0.05 sec. No more

packets are serviced during this iteration because Circuit 0 has no new packets arrive

prior to the passing of its time slots and Circuits 1-4 are idle.

At this point, Pkts 0-4 through 0-8 are queued up and are serviced in the first

four time slots of the next iteration. The waiting times experienced by these packets

are 0.625 sec, 0.550 sec, 0.475 sec, 0.400 sec, and 0.325 sec, respectively. This results

in total times in system of 0.675 sec, 0.600 sec, 0.525 sec, 0.450 sec, and 0.375 sec

for the five packets. Pkts 0-1 through 0-3 will be serviced in Circuit 0’s last three

time slots. The average total time in system for each packet will be 0.4125 sec.

Circuit 0 On, Circuits 1-4 On, After Reallocation: At t = 1800, the remaining

circuits become active and begin transmitting at 16384 bps. Circuits 1 and 2 will

only be able to transmit half of the arriving packets during each second, however,

since their slot allocations have been cut in half. Therefore, queuing delay will

increase without bound as long as its assigned bandwidth is only 8192 bps. Since

the theoretical model assumes instantaneous reallocation, though, this problem will

never occur.

A.3.3.3 Effect of Monitoring Period. The theoretical model assumes

that the monitoring period has been reduced to zero. Thus the queue is always
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Table A.4. Seed Independence Results — Static Allocation Method, 1 Circuit

Table A.5. Seed Independence Results — Static Allocation Method, 2 Circuits

servicing packets at the same rate they arrive. However, this assumption does not

hold in practice. The monitoring period allows time to determine a more accurate

measure of the instantaneous utilization. If bandwidth needs to be adjusted to allow

circuits to reclaim bandwidth that was originally allocated to them, the queue size

will increase linearly until the circuit’s bandwidth is restored to its requested peak

rate. Therefore, as Figure A.20 shows, observed queuing delays were much higher

than that determined in the previous section.

A.4 Seed Independence

Up to this point, the models have been tested with constant-valued ON and

OFF periods. Since the exponential distribution would be used in the actual tests,

however, the static and dynamic models were also subjected to the same tests as

before. This time, however, the mean ON and OFF periods were exponentially dis-

tributed and three different random seeds were used. The objective was to determine

whether the results obtained across varying random seeds were similar. Tables A.4-

A.9 provide the utilization and queuing delay values obtained through simulation as

well as the mean and variance of the data for both models.
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Figure A.20. Five-Circuit Configuration Queuing Delay — DBA Method
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Table A.6. Seed Independence Results — Static Allocation Method, 5 Circuits

Table A.7. Seed Independence Results — DBA Method, 1 Circuit

Table A.8. Seed Independence Results — DBA Method, 2 Circuits

Table A.9. Seed Independence Results — DBA Method, 5 Circuits
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Appendix B. Statistical Data

Table B.1. Utilization Data — Static Assignment TDM

Table B.2. Voice Circuit Queuing Delay Data — Static Assignment TDM

Table B.3. Video Circuit Queuing Delay Data — Static Assignment TDM
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Table B.4. NIPRNET Circuit Queuing Delay Data — Static Assignment TDM

Table B.5. SIPRNET Circuit Queuing Delay Data — Static Assignment TDM

Table B.6. Utilization Data — DBA-1

Table B.7. Utilization Means — DBA-1
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Table B.8. Utilization Standard Deviations — DBA-1

Table B.9. Utilization Difference Data — DBA-1

Table B.10. Utilization Difference Means — DBA-1

Table B.11. Utilization Difference Standard Deviations — DBA-1
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Table B.12. Utilization Difference 90% Confidence Intervals — DBA-1

Table B.13. Utilization Main Effects — DBA-1

Table B.14. Utilization Second Order Interaction Effects — DBA-1

Table B.15. Utilization Third Order Interaction Effects — DBA-1

Table B.16. Utilization Analysis of Variance — DBA-1
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Table B.17. Voice Circuit Queuing Delay Data — DBA-1

Table B.18. Voice Circuit Queuing Delay Means — DBA-1
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Table B.19. Voice Circuit Queuing Delay Standard Deviations — DBA-1

Table B.20. Voice Circuit Queuing Delay Difference Data — DBA-1

Table B.21. Voice Circuit Queuing Delay Difference Means — DBA-1

Table B.22. Voice Circuit Queuing Delay Difference Standard Deviations — DBA-
1
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Table B.23. Voice Circuit Queuing Delay Difference 90% Confidence Intervals —
DBA-1

Table B.24. Voice Circuit Queuing Delay Main Effects — DBA-1

Table B.25. Voice Circuit Queuing Delay Second Order Interaction Effects —
DBA-1

Table B.26. Voice Circuit Queuing Delay Third Order Interaction Effects — DBA-
1

Table B.27. Voice Circuit Queuing Delay Analysis of Variance — DBA-1
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Table B.28. Video Circuit Queuing Delay Data — DBA-1

Table B.29. Video Circuit Queuing Delay Means — DBA-1

Table B.30. Video Circuit Queuing Delay Standard Deviations — DBA-1
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Table B.31. Video Circuit Queuing Delay Difference Data — DBA-1

Table B.32. Video Circuit Queuing Delay Difference Means — DBA-1

Table B.33. Video Circuit Queuing Delay Difference Standard Deviations — DBA-
1

Table B.34. Video Circuit Queuing Delay Difference 90% Confidence Intervals —
DBA-1
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Table B.35. Video Circuit Queuing Delay Main Effects — DBA-1

Table B.36. Video Circuit Queuing Delay Second Order Interaction Effects —
DBA-1

Table B.37. Video Circuit Queuing Delay Third Order Interaction Effects — DBA-
1

Table B.38. Video Circuit Queuing Delay Analysis of Variance — DBA-1
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Table B.39. NIPRNET Circuit Queuing Delay Data — DBA-1

Table B.40. NIPRNET Circuit Queuing Delay Means — DBA-1

Table B.41. NIPRNET Circuit Queuing Delay Standard Deviations — DBA-1
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Table B.42. NIPRNET Circuit Queuing Delay Difference Data — DBA-1

Table B.43. NIPRNET Circuit Queuing Delay Difference Means — DBA-1

Table B.44. NIPRNET Circuit Queuing Delay Difference Standard Deviations —
DBA-1

Table B.45. NIPRNET Circuit Queuing Delay Difference 90% Confidence Inter-
vals — DBA-1
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Table B.46. NIPRNET Circuit Queuing Delay Main Effects — DBA-1

Table B.47. NIPRNET Circuit Queuing Delay Second Order Interaction Effects
— DBA-1

Table B.48. NIPRNET Circuit Queuing Delay Third Order Interaction Effects —
DBA-1

Table B.49. NIPRNET Circuit Queuing Delay Analysis of Variance — DBA-1
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Table B.50. SIPRNET Circuit Queuing Delay Data — DBA-1

Table B.51. SIPRNET Circuit Queuing Delay Means — DBA-1

Table B.52. SIPRNET Circuit Queuing Delay Standard Deviations — DBA-1
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Table B.53. SIPRNET Circuit Queuing Delay Difference Data — DBA-1

Table B.54. SIPRNET Circuit Queuing Delay Difference Means — DBA-1

Table B.55. SIPRNET Circuit Queuing Delay Difference Standard Deviations —
DBA-1

Table B.56. SIPRNET Circuit Queuing Delay Difference 90% Confidence Intervals
— DBA-1
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Table B.57. SIPRNET Circuit Queuing Delay Main Effects — DBA-1

Table B.58. SIPRNET Circuit Queuing Delay Second Order Interaction Effects —
DBA-1

Table B.59. SIPRNET Circuit Queuing Delay Third Order Interaction Effects —
DBA-1

Table B.60. SIPRNET Circuit Queuing Delay Analysis of Variance — DBA-1
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Table B.61. Utilization Data — DBA-2

Table B.62. Utilization Means — DBA-2

Table B.63. Utilization Standard Deviations — DBA-2
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Table B.64. Utilization Difference Data — DBA-2

Table B.65. Utilization Difference Means — DBA-2

Table B.66. Utilization Difference Standard Deviations — DBA-2

Table B.67. Utilization Difference 90% Confidence Intervals — DBA-2
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Table B.68. Utilization Main Effects — DBA-2

Table B.69. Utilization Second Order Interaction Effects — DBA-2

Table B.70. Utilization Third Order Interaction Effects — DBA-2

Table B.71. Utilization Analysis of Variance — DBA-2
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Table B.72. Voice Circuit Queuing Delay Data — DBA-2

Table B.73. Voice Circuit Queuing Delay Means — DBA-2

Table B.74. Voice Circuit Queuing Delay Standard Deviations — DBA-2
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Table B.75. Voice Circuit Queuing Delay Difference Data — DBA-2

Table B.76. Voice Circuit Queuing Delay Difference Means — DBA-2

Table B.77. Voice Circuit Queuing Delay Difference Standard Deviations — DBA-
2

Table B.78. Voice Circuit Queuing Delay Difference 90% Confidence Intervals —
DBA-2
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